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SUMMARY 
Inorganic materials, such as silicon and metals, have been used widely in electronic 
devices for decades. Their conducting and semiconducting properties have led to the 
development of transistors, solar cells, and display technologies. In recent years, however, 
there has been growing demand for more lightweight, flexible, and sustainable electronics. 
Semiconducting polymers and other organic materials have shown promise as alternatives 
to silicon, but present their own limitations in terms of performance, stability, and 
environmental impact. These issues have been somewhat mediated by: 1) control of the 
semiconducting polymer morphology for higher charge-carrier mobilities or 2) the 
incorporation of bio-derived materials for improved sustainability/recyclability. This thesis 
aims to combine these two approaches. Here, the interactions between bio-derived 
nanoparticles, called cellulose nanocrystals (CNCs), and polymer systems are investigated 
in order to engineer more sustainable, high-performing organic electronic devices.  
First, CNCs were used to induce long-range order in a water-soluble 
semiconducting polymer, poly[3-(potassium-4-butanoate) thiophene-2,5-diyl] (PPBT). 
CNCs form liquid crystal phases and, when mixed with PPBT, “templated” the polymer 
into highly-ordered, planarized structures. The degree of PPBT organization depended on 
the packing of the nanoparticles and could be adjusted with temperature and CNC 
concentration. This blending approach provides a low-energy alternative to initiating and 
tuning the organization of a semiconducting polymer, which is a crucial component to 
achieving high-performing devices. 
 xxi 
With the potential utility of CNC liquid crystal phases in organic electronics 
established, a temperature-switchable “template” was developed by grafting a 
thermoresponsive polymer, poly(N‐isopropylacrylamide) (PNIPAM), onto the CNCs. 
PNIPAM has a lower critical solution temperature (LCST) at 32 ⁰C; it adopts an extended, 
random coil conformation below this temperature but collapses above the LCST. By 
grafting the PNIPAM primarily on the ends of the CNCs, the nanoparticle packing density, 
and therefore the existence of a liquid crystal phase, could be turned on and off with 
temperature. This system could be used to template materials that have an electric or 
colorimetric response to aggregation, providing a basis for a thermal sensor. 
Finally, the role CNC surface chemistry on semiconducting polymer crystalline 
aggregate formation was investigated. CNCs were grafted with a series of aromatic and 
aliphatic polymers and were added to a solution containing a benchmark semiconducting 
polymer, poly(3-hexylthiophene) (P3HT), at low concentrations to study the effect on 
P3HT self-assembly. The presence of the polymer-grafted-CNCs resulted in an increase in 
P3HT aggregation –the degree of which depended on the surface free energy of the grafted 
polymer. Furthermore, the addition of polymer-grafted-CNCs dramatically improved the 
charge-carrier mobility of P3HT. These bio-derived particles constituted a significant 
volume fraction of the deposited P3HT thin films with an increase in performance, showing 





CHAPTER 1. INTRODUCTION 
1.1 Organic Electronics 
1.1.1 History and Background 
Since the first realization of solid-state electronics in 1947 by a team at Bell Labs,1 
silicon has been the predominant active material in electronic devices such as field-effect 
transistors (FETs), solar cells, and integrated circuits because of its semiconducting 
properties.2 However, the production of nearly defect- and impurity-free crystalline silicon, 
which is required in the semiconductor industry, is expensive, energy-intensive, and 
requires large amounts of raw material due to low yields.3 The resulting product, thin, 
fragile silicon wafers, is then processed in ultra-clean, high temperature, and vacuum 
environments to fabricate the final electronic devices. These fabrication steps, too, are 
expensive, energy-intensive, and produce hazardous waste such as perfluorocompounds 
that have been shown to contribute to greenhouse gases.4 Despite the environmental and 
economic downsides to silicon production and processing, the semiconductor industry has 
thrived.  
Over the past several decades, industrial semiconductor research has focused on 
producing smaller and smaller circuitry in order to reduce production costs and meet 
market demands for personal electronics (i.e. laptops, cell phones, etc.). However, in recent 
years, the market has begun to demand new, flexible semiconducting materials due to 
emerging applications such as smart packaging, biosensors, and roll-up displays, which are 
all mechanically limited by conventional rigid silicon-based technology. As a result, there 
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has been a shift in research efforts towards the use of organic materials such as 
semiconducting polymers and small molecules in electronic devices.5-6 These carbon-based 
alternatives are highly flexible, are often cheaper, and require up to six orders of magnitude 
less energy than the manufacturing of high quality silicon semiconductors.7-9 
1.1.2 Semiconducting Polymers 
One of the first discoveries of a polymer with conductive properties was iodine-
doped polyacetylene in 1977,10 which went on to win the Nobel Prize in Chemistry in 2000. 
This realization that not all polymers were insulating kick-started the field of organic 
electronics with researchers quickly developing an array of conducting and semiconducting 
polymers as alternatives to silicon and metal components (Figure 1). Finally, in 1987, the 
first organic field-effect transistor (OFET) was reported using polythiophene as the active 
semiconducting material.11 Today, organic compounds are widely used in light-emitting 



















Figure 1 – Structures of conducting and semiconducting polymers  
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A common feature of conducting and semiconducting polymers is their conjugated 
backbone; the alternating single and multiple bonds along the length of the polymer chain 
results in interacting unhybridized pz orbitals and the formation of delocalized π systems 
(Figure 2). 
 
Figure 2 – Schematic of σ and π bonds in ethylene; the delocalized π systems are above 
and below the plane of the σ bonds.  
As the conjugation length increases, the bonding and anti-bonding molecular orbitals form 
continuous bands: the conduction band and the valence band (Figure 3).15 The 
semiconducting properties of the organic material arise when electrons jump from the 
valence band to the conduction band through stimuli such as light, heat, or an electric field. 
Electrons or the absence of electrons (i.e. “holes”), move through the semiconducting 
medium and are called charge-carriers.  
 4 
 
Figure 3 – Energy band diagram for conjugated polymers; structures at the bottom are 
showing the overlapping p orbitals. 
The mechanical, thermal, electrical, and solution properties of these conjugated 
polymers can be tuned by changing the side chains of the repeat units. This side chain 
engineering has allowed semiconducting polymers to be dissolved in a variety of solvents 
for solution processing in ambient conditions rather than the high vacuum deposition 
methods used in conventional silicon-based technology. Furthermore, solution processing 
is amenable to large-area roll-to-roll fabrication of electronic devices compared to small-
area, batch processing methods that exist for inorganic materials. However, their 
advantages notwithstanding, semiconducting polymers have a relatively low electronic 
performance compared to their inorganic counterparts.16-17  
The large disparity in electronic performance between organic and inorganic 
electronics is, in part, due to the assembly of semiconducting polymers when deposited 
into a solid film. Charge-carrier transport is highly dependent on the film microstructure; 
during the drying process, undesirable amorphous domains can form that prevent charge-
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carriers from moving and hopping from one conjugated chain to the next.18-19 Self-
assembled and crystalline domains are crucial to achieving high charge-carrier mobility 
due to the increased π-π stacking between polymer chains.20-21 These non-covalent π-π 
interactions or “stacking” exist between adjacent π systems in aromatic rings and 
conjugated backbones, increasing the delocalization of electrons and facilitating the 
movement of charge-carriers (Figure 4).22  
 
Figure 4 – Schematic showing possible charge carrier transport in the π-π stacking and 
conjugated backbone directions in poly(3-hexylthiophene-2,5-diyl) (P3HT). 
The microstructure of semiconducting polymer films is a large function of the 
solution processing conditions. Conventional deposition methods for semiconducting 
polymers include spin coating, blade coating, dip coating, and, more recently, inkjet 
printing. In addition to these methods, various processing steps have been employed to 
enhance polymer chain alignment in solution such as: UV irradiation,23 poor solvent 
addition,24 and ultrasonication.25-26 Many of these techniques, however, are not easily 
amenable to large-area, roll-to-roll processing techniques,27 have high energy inputs, and 
require the use of halogenated solvents, which pose serious environmental and health 
 6 
concerns. The future of organic electronics relies not only on high-performing 
semiconducting polymers but also on materials and processes that are environmentally 
benign and require less energy.  
1.1.3 Trends in Sustainable Organic Electronics 
In 2016, it was estimated that the world produced 44.7 million metric tons of 
electronic waste with only 20% of it recycled; this “E-waste” amounts to over one million 
18-wheeler trucks and is expected to increase by 17% in the next five years.28 Recyclability 
is not the only issue with electronics either. The manufacturing of truly sustainable 
electronics should have reduced energy use, reduced emissions, minimum use of hazardous 
materials, and minimum production of hazardous waste.29-30 This will require more “green” 
choices for raw materials and thought into production processes when developing new 
organic electronic devices. 
“Biomaterials”, or biologically-derived materials, have been explored as more 
environmentally-friendly additives and components for electronics due to their inherent 
recyclability and renewable sourcing. Not only do biomaterials help on the sustainability 
front, they can also improve the biocompatibility of devices for applications such as 
human-machine interfacing and biosensors.8, 31 Furthermore, their recyclability can be used 
in biodegradable food packaging or even for “transient” electronics that are intended to 
degrade at a given rate or programmed time.32 Examples of biomaterials used for 
electronics applications are DNA,33-35 silk,36-38 sugars,39-40 chitin,41-43 
proteins/polypeptides/amino acids,44-45 and cellulose.46-48 Cellulose in particular has gained 
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a lot of interest in the field because it is highly abundant in nature and is versatile; it can be 
useful in its pure form, made into paper, or derivatized into nanomaterials.  
Paper has mainly found use as a substrate and dielectric material for transistors and 
solar cells.48-52 Paper is low-cost, recyclable, easily printable, and has a large existing 
product base. However, some disadvantages to paper are its high surface roughness, it is 
highly hygroscopic, and has complex surface chemistry due to myriad additives such as 
pigments, binders, and fillers. Therefore, pure cellulose and its nanoscale derivatives, 
nanocellulose, present useful systems for study.   
1.2 Cellulose & Nanocellulose 
1.2.1 Nature’s Most Abundant Polymer: Cellulose 
Cellulose is a naturally-occurring polysaccharide that acts as a crucial structural 
component in plant cell walls. Consequently, it is the most abundant natural polymer on 
Earth53 – over 1.5 trillion tons is produced annually from biomass, making it a nearly 
inexhaustible renewable material.54 Cellulose is made up of hundreds to thousands of β-
1,4-linked anhydro-D-glucose units that form long, linear-chain homopolymers. Each 
polymer chain has two different ends: a reducing end with a hemiacetal unit and a non-


























Figure 5 – Molecular structure of cellulose chains 
The repeating D-glucose units give cellulose its chirality while the abundance of hydroxyl 
groups give the material its hydrophilicity, chemical tunability, and hydrogen bonding 
capabilities. This hydrogen bonding plays a large role in the packing of cellulose chains to 
form strong, partially-crystalline fiber structures on the millimeter scale. The degree of 
crystallinity in cellulose fibers depends on the source of the material and can range from 
40 to 80%.53, 55 The fibers can be broken down through mechanical or chemical action to 
isolate the crystalline regions and create materials on the nanoscale – called nanocellulose. 
1.2.2 Nanocellulose 
Although the structure and properties of cellulose have been studied for over a 
century, the field of nano-structured cellulose or “nanocellulose” is relatively new. 
Nanocellulose is produced by breaking down cellulose fibers either through mechanical 
refining to create cellulose nanofibers (CNFs), or through a chemical hydrolysis to create 
cellulose nanocrystals (CNCs) (Figure 6).  
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Figure 6 – Electron micrographs of (a) wood cellulose fibers, (b) cellulose nanocrystals 
(CNCs), and (c) cellulose nanofibrils (CNFs). Adapted from literature56 with permission 
from The Royal Society of Chemistry.  
In both cases, the resultant particles have a high aspect ratio (L/d) with nanoscale 
dimensions. The main difference between the two types of nanocellulose is that CNFs still 
contain amorphous regions from the original cellulose fiber, whereas CNCs are highly 
crystalline. Similar to cellulose fibers, the dimensions of nanocellulose are dependent on 
the source material as well as the isolation procedure.  
Research on nanocellulose has grown tremendously over the past decade; the 
number of publications with “nanocellulose” in the title, abstract, or keywords increased 
tenfold in a five-year period (2010-2015) and has continued to increase (Figure 7). This 
can be credited to their impressive mechanical properties – with crystalline cellulose 
having a greater elastic modulus than Kevlar56 – low density, and chemical versatility from 
functionalization of their surface hydroxyl groups. Thus far, nanocellulose has been used 
in applications ranging from polymer composites to personal care products to biomedical 




Figure 7 – Annual number of scientific publications on the topic “nanocellulose” from 
2006-2018. Title-abstract-keywords search performed on Web of Science in January, 
2019. 
 The type of nanocellulose used, CNCs vs. CNFs, depends on the application and 
the properties desired. For example, while both have shown mechanical reinforcement 
effects in polymer nanocomposites, CNFs have increased entanglements due to their higher 
aspect ratio which generally leads to higher moduli.59 CNCs, however, have a high specific 
surface area, form more stable dispersions, and can organize into liquid crystal phases – 
making them ideal building blocks in the design of advanced materials.  
1.2.3 Cellulose Nanocrystals (CNCs) 
CNCs are rigid, rod-like nanoparticles derived from the acid hydrolysis of cellulose, 
which can come from a variety of sources such as wood pulp,60 cotton,61 tunicate,62 
bacterial cellulose,63 and more.64-67 As previously mentioned, CNCs have notable 
mechanical,68-69 chemical,70-71 and optical properties.72 As a result, they have been used in 
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a multitude of systems including polymer composites,73-75 liquid crystal templates,76-78 
cement fillers,79-80 and aerogels.81-82  
A common source of CNCs, wood pulp, produces particles approximately 100-200 
nm in length and 5-10 nm in width.56 CNCs with much higher aspect ratios can be made 
from bacterial cellulose or tunicate, where the rod lengths can be on the order of microns.62 
While the nanoparticle dimensions depend on the cellulose source (i.e. percentage of 
amorphous regions), they also depend on the acid hydrolysis conditions. As the acid 
penetrates the cellulose fiber, it cleaves the glycosidic bonds in the amorphous regions to 
break down the fibers into individual crystallites (Figure 8).  
 
Figure 8 – Structural hierarchy of cellulose components from a tree to the repeating 
anhydroglucose units. 
The hydrolysis kinetics is a strong function of the type of acid used, the reaction 
time, and the reaction temperature.83-84 Many studies have reported an optimum hydrolysis 
reaction time for a designated cellulose source –it is important to react long enough to 
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remove all of the amorphous cellulose but not too long where destruction of crystalline 
regions will occur.84 The most commonly used acid for the hydrolysis procedure is sulfuric 
acid. However, when cellulose is treated with sulfuric acid, an esterification reaction can 
occur at the particle surface, leaving a negatively-charged sulfate half-ester group (–OSO3-
) behind. The sulfate half-esters reduce the number of available hydroxyl groups on the 
CNCs but they also afford the particles superior colloidal stability; uncharged CNCs tend 
to aggregate, which is not desirable for applications requiring good dispersion.85 
1.2.4 Surface Modification of Cellulose Nanocrystals 
1.2.4.1 Small molecule functionalization 
The CNC surface has an abundance of hydroxyl groups (~1.5 mmol/g CNC),70 
providing an easy route for chemical modification. Explored chemistries have included 
oxidation,86-88 amidation,89-91 etherification,92-94 esterification,95-97 silylation,98 and 
sulfation (Figure 9). These modifications can improve the compatibility of CNCs with 













































Figure 9 – Schematic showing common modification chemistries of CNC surfaces. 
1.2.4.2 Polymer grafting 
In addition to these small molecule surface modifications, there has been increasing 
interest in polymer grafting – mainly for use in polymer nanocomposites where good 
dispersion in the polymer matrix is paramount to improved mechanical properties. Polymer 
grafting is commonly achieved by “grafting to” or “grafting from” methods with the CNC 
surface. In a grafting to reaction, the polymer chains are already formed, and they attach to 
the CNC surface through reactive end groups. In a grafting from reaction, the growth of 
the polymer chains is initiated from the CNC surface in the presence of monomer. The 
grafting to method allows for more governance over the polymer molecular weight and 
dispersity; however, the steric hindrance of the preformed polymer chains can lead to low 
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grafting densities. In cases where high grafting densities are desired, the grafting from 
technique holds the advantage but usually requires the attachment of an initiator group to 
the CNC surface before the polymerization. 
The most widely used techniques for grafting polymers from CNCs are: surface-
initiated ring-opening polymerization (SI-ROP), surface-initiated free radical 
polymerization (SI-FRP), and surface-initiated controlled radical polymerization (SI-
CRP). In SI-ROP, often times the reaction can be initiated by the native surface hydroxyl 
groups but the monomers must be cyclic, which limits the choices of polymers. SI-FRP 
and SI-CRP, on the other hand, use monomers with vinyl groups, creating a larger suite of 
possible polymer systems including some commodity polymers like polystyrene and 
poly(methyl methacrylate). In SI-FRP, the initiator is activated to generate a reactive 
radical and the monomers are added to a rapidly propagating chain. SI-CRP is similar, 
however, there is a reversible deactivation of the propagating chains in order to minimize 
termination reactions – leading to a low dispersity and precise control over the molecular 
weight.99  
In the subset of SI-CRP chemistries, surface-initiated atom transfer radical 
polymerization (SI-ATRP) is the one most widely employed for CNC polymer grafting. In 
an ATRP, the chain growth is mediated by transition metal complexes (i.e. Cu species); an 
equilibrium is established between the propagating radicals (Pn•) and dormant species 
(PnX), where X is a halide (i.e. Cl, Br) (Figure 10). 
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Figure 10 – Equilibrium in an atom-transfer radical polymerization (ATRP). Pn is the 
propagating polymer chain, X is a halide (i.e. Cl, Br), Mt is a transition metal (i.e. Cu) of 
oxidation state n, and L is a ligand.100  
Polymer grafts on solid surfaces are also referred to as polymer “brushes” and can 
exhibit different morphological characteristics depending on the polymer molecular 
weight, the curvature of the surface, the grafting density, and the surrounding solvent. For 
example, a system with a higher grafting density will result in the polymer brushes adopting 
an extended conformation whereas a sparsely packed system will have polymers that 
behave more like a random coil. Similarly, polymer brushes surrounded by a “good” 
solvent will be more extended than those in the vicinity of a “poor” solvent (Figure 11).101 
 
Figure 11 – Polymer brush conformations with varying grafting densities and solvent 
qualities. Adapted from literature101 with permission from the American Chemical 
Society. 
Thus, the properties of polymer brushes (i.e. thickness, wettability, etc.) can be tuned and 
exploited for a variety of applications ranging from Pickering emulsions to drug delivery 
to liquid crystals.102   
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1.2.5 Liquid Crystal Properties of Cellulose Nanocrystals 
At sufficiently high concentrations, CNCs have the ability to self-assemble in 
solution into ordered phases called liquid crystals. This is a well-known phenomenon in 
systems with rigid, high-aspect-ratio (L/d) molecules and particles. In dilute conditions, the 
density of rods is low, so they can assume any orientation without penalty (i.e. isotropic 
phase). However, as the concentration increases, the rods begin to align in a parallel 
configuration with respect to one another in order to minimize their excluded volume (i.e. 
nematic phase). This results in a phase with a high degree of order like a solid crystal but 
is still capable of flowing like a liquid – thus, a liquid crystal.  
The first observation of liquid crystal phases from CNCs was in 1959 by 
Marchessault et al.103 It was later discovered that CNCs actually form a chiral nematic or 
“cholesteric” liquid crystal phase;104 the particles align along a director and the director 
profile assumes a twisted conformation (Figure 12a). The twisted nature of this ordered 
phase has been attributed to the twisted geometry of the rod particles themselves.105 CNCs 
have a right-handed threaded structure from the chiral cellulose molecules and therefore 
pack tighter in a left-handed chiral phase.106 It was found that the nematic phase, in lieu of 
the chiral nematic phase, could be formed in cases where the twisted geometry is 
“smoothed out”. For example, systems where the rods had a large electrostatic double layer 
effectively turned them achiral, but when electrolyte was added to screen the surface charge 
of the particles, the chiral nematic phase formed once again.107  
A common geometric parameter used to characterize the chiral nematic phase is the 
helical pitch, which is defined as the distance of a complete 360° turn of the director. Under 
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crossed-polarized microscopy, the chiral nematic phase exhibits a “fingerprint” texture 
with the distance between “fingerprint lines” representing one-half of the helical pitch 
(Figure 12b).  
      
Figure 12 – (Left) Schematic of chiral nematic liquid crystal ordering and (right) 
“Fingerprint” texture of CNC chiral nematic phase viewed in a microscope between 
crossed polarizers. 
An isothermal phase diagram can be constructed showing the progression of an isotropic 
phase at low concentrations, through a biphasic regime at intermediate concentrations, and 
finally ending at the chiral nematic phase at high concentrations (Figure 13). The critical 
concentration, above which liquid crystal phases form, depends primarily on the particle 
aspect ratio108 but can also be affected by electrostatic interactions between particles;109 
rods with higher aspect ratios or a smaller electrostatic double layer will begin to form 
liquid crystals at lower concentrations. CNCs will also align when sheared 110-111 or in the 




Figure 13 – Room temperature phase diagram of wood-derived CNCs with a biphasic 
region between 4 and 8 wt%.  
The chiral nematic pitch, a measure of the “tightness” of the helical twist, is affected 
by the CNC aspect ratio, concentration, and ionic strength. The pitch decreases with 
increasing concentration and ionic strength114 but is larger for high aspect ratio rods.115  
1.2.6 Characterization of Cellulose Nanocrystals 
CNCs are typically subjected to a series of post-hydrolysis processing steps that 
range from sonication to desulfation. During these processes, many CNC properties are 
altered such as: surface charge/colloidal stability, surface chemistry, rod dimensions, and 
polydispersity. Given the diversity of CNC sources and possible processing steps, thorough 
materials characterization is extremely important in understanding the behavior of CNC 
systems. Summaries of the most common characterization techniques are given in 
Appendix A.  
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1.3 Thesis Overview 
This thesis explores nanocellulose-polymer systems for use in organic electronics 
applications. Each chapter provides an understanding of the interactions between polymers 
and cellulose nanocrystals (CNCs) that give rise to desirable morphologies and optical 
properties, which can be used in the design of advanced electronic materials. Chapter 2 
presents a proof-of-concept study looking at the compatibility and templating ability of 
CNCs with a water-soluble semiconducting polymer. The liquid crystal phase behavior of 
the blended system and its effect on semiconducting polymer alignment are explored. 
Chapter 3 expands on this work; a temperature-switchable liquid crystal template is 
developed by grafting a thermoresponsive polymer from the ends of the CNCs. The effect 
of the polymer grafting density on the degree and reversibility of the thermal “switch” is 
studied. Finally, Chapter 4 revisits the topic of semiconducting polymer organization. 
CNCs are grafted with polymers of varying surface energies and are blended with a 
benchmark semiconducting polymer. The effect of the CNC surface chemistry on the self-
assembly of the semiconducting polymer is investigated. Chapter 5 summarizes the major 
findings of these three chapters and provides suggestions for future work.  
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CHAPTER 2. ENHANCED ALIGNMENT OF A WATER-
SOLUBLE POLYTHIOPHENE USING CELLULOSE 
NANOCRYSTALS AS A LIQUID CRYSTAL TEMPLATE 
2.1 Introduction 
The ability to understand and control the nanoscale organization of soft matter has 
become increasingly important for the development of advanced materials with tunable 
properties.116-118 For example, the assembly of conjugated semiconducting polymers into 
ordered structures has a profound effect on their optoelectronic characteristics due to 
enhanced π-π stacking.20-21, 119 These non-covalent π-π interactions exist between the 
unhybridized pz orbitals of the aromatic rings and conjugated backbones in adjacent 
polymer chains, increasing the delocalization of electrons and allowing charge-carriers to 
move more easily.120 Therefore, the performance of devices using semiconducting 
polymers is strongly tied to the alignment of the polymer chains.121 If the organization of 
systems like this can be induced and controlled, their use in applications such as sensors 
and displays can be realized.122-124 
One method of controlling nanoscopic organization is to use a highly ordered host 
system (e.g. a liquid crystal) as a “template” to impart its superstructure on a guest 
material.125 Liquid crystals (LCs) are typically composed of organic molecules or 
nanoparticles with an anisotropic shape that self-assemble into phases with high degrees of 
long-range orientational and/or translational order.126 The templating of polymers using 
LCs has been achieved by polymerizing monomers dispersed within the host 127-128 or 
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through direct mixing of polymer chains with the host.77-78 The advantage of the latter is 
that the polymers are not necessarily “locked in” to a specific spatial configuration and 
have the potential to be modulated along with the LC host using external stimuli.  
In this work, the templating of a semiconducting polymer using bio-derived 
materials was studied. The liquid crystal host of interest was cellulose nanocrystals (CNCs) 
and the guest was a water-soluble polythiophene, poly[3-(potassium-4-butanoate) 
thiophene-2,5-diyl] (PPBT). CNCs are rigid, rod-like particles that form a chiral nematic 
liquid crystal phase in water at relatively low concentrations (~5-10 wt%).104 In the chiral 
nematic liquid crystal phase, also known as the “cholesteric” phase, the particles align 
along a director, which twists around a screw axis. The chiral nematic pitch, p, the distance 
for a full 360° turn of the director, is often used to characterize the chirality and packing 
density of this liquid crystal phase.126  
The liquid crystal ordering of CNCs has been exploited previously as a template 
for a variety of materials to yield functional structures such as mesoporous silica,129-130 
nanocomposite hydrogels,131 and photonic polymer composite films.73 In these systems the 
CNCs retain and impart their helicoidal chiral nematic order, which can act as a 1-D 
photonic structure for applications in sensing, lasing, and optoelectronic devices.132-134 
However, compatibility issues between the CNC LC template and guest materials have 
also been reported.135-138 Namely, the addition of coils into rod suspensions generally 
results in demixing and the formation of new phases,139-142 which is undesirable from an 
application standpoint. In work by Edgar and Gray,136 when blue dextran, a glucose 
polymer, was added to suspensions of CNCs it caused phase separation and defects in the 
sample and the polymer preferentially partitioned into the isotropic phase. They found that 
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the extent of partitioning depended on the polymer concentration, molecular weight, and 
chemical nature (e.g. charge). Thus, it was the aim of this work not only to study the effect 
of the LC template on the PPBT π-π interactions but also to see if this polymer dispersion 
would be stable in the CNC environment. There has yet to be a study on the transfer of 
nanoscopic ordering to semiconducting polymers using bio-derived liquid crystals; 
conjugated polyelectrolytes like PPBT present an interesting system for study because they 
are ionic, water-soluble, and find use in applications such as biosensors, polymer light-
emitting diodes, batteries, light-emitting electrochemical cells, and hybrid solar cells.122-
123, 143 
2.2 Materials & Methods 
2.2.1 Materials 
Poly[3-(potassium-4-butanoate) thiophene-2,5-diyl] (PPBT) was purchased from 
Rieke Metals Inc. (Mw = 16 kDa; PDI = 2.2; RR = 89%) and was used as received without 
further purification. CNCs were purchased from the University of Maine in aqueous slurry 
form (11.5 wt%). Borosilicate glass rectangular capillaries of dimensions 0.2 x 4.0 x 50 
mm3 were purchased from VitroCom Inc. and used without surface treatment. Millipore-
processed (Darmstadt, Germany) deionized (DI) water was used with a resistivity of 18.2 
MΩ-cm. 
2.2.2 Multi-Angle Dynamic Light Scattering (MADLS) 
Particle size was evaluated using a custom-built multi-angle light scattering 
apparatus equipped with a 660 nm laser source and an ALV-5000/E digital autocorrelator. 
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Approximately 4 mL of the CNC suspension (0.1 wt% in DI water) was transferred into a 
dust-free vial using a syringe attached to a 0.22 μm Millipore PDVF membrane filter. Runs 
were performed for each sample at eight scattering angles (15, 30, 45, 60, 75, 90, 105, and 
120°). The average apparent hydrodynamic radius was extracted from a third order 
cumulant fitting of the intensity autocorrelation function, extrapolated to zero scattering 
angle. 
2.2.3 Zeta Potential 
A Malvern Zetasizer Nano Z system with 4 mW solid-state laser source (λ = 632.8 
nm) was used to analyze the surface charge of the aqueous CNC dispersion (0.1 wt%). The 
Zetasizer operated at room temperature and an internal measurement angle of 173° 
(backscattering). 
2.2.4 Preparation of CNC/PPBT Solution Blends  
Poly[3-(potassium-4-butanoate) thiophene-2,5-diyl] (PPBT) PPBT was dissolved 
into aqueous (DI water) suspensions of CNCs of varying concentrations at 70°C while 
stirring for several hours until completely dissolved. PPBT/CNC blends were placed in 
borosilicate glass capillaries through capillary action and the open ends were sealed with 
epoxy to prevent water evaporation. 
2.2.5 Polarized Optical Microscopy (POM) 
POM images of the filled capillaries were taken using a Leica DMRX optical 
microscope equipped with rotatable polarizer and analyzer, and a Nikon D300 digital SLR 
camera. For high temperature studies, a heating stage was set on top of the microscope 
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stage and the capillaries were allowed to equilibrate to the set temperature for two hours 
before images were taken. A phase diagram for the PPBT/CNC/water system was 
constructed by preparing a series solutions, placing the solutions in a glass capillary, and 
monitoring the capillaries daily with a polarized optical microscope (POM). Once the 
samples had equilibrated (~3 weeks, ambient temperature), they were characterized as 
“isotropic”, “biphasic”, or “chiral nematic” using the POM with the polarizers 
perpendicular to one another. 
2.2.6 Spectroscopy 
UV-vis, linear dichroism (LD), and circular dichroism (CD) spectroscopy were 
recorded from 200 to 800 nm with a Jasco 815 spectrometer (JASCO International Co., 
Ltd., Japan). Each sample was placed in a quartz microcuvette with a path length of 0.01 
mm (Spectrecology Llc 20/C-Q) and was scanned three times at a rate of 100 nm/min with 
a bandwidth of 1.0 nm. LD data in differential optical density units (dOD) and CD data in 
ellipticity units (mdeg) were both converted to absorbance units (A.U.) for direct 
comparison. 
2.3 Results & Discussion 
2.3.1 Characterization of CNC Surface Charge and Dimensions 
The CNCs used in this study had an average apparent hydrodynamic radius of 75.4 
nm, a polydispersity index of 0.27 (Figure 14), and a zeta potential equal to -41.4 ± 3.0 
mV. The negative zeta-potential was due to surface hydroxyl groups as well as negatively 
charged sulfate ester groups that remained on the CNCs after the sulfuric acid hydrolysis 
 25 
step in their preparation.56 The electrostatic repulsion brought on by the negative surface 




Figure 14 – Multi-angle dynamic light scattering data for the CNCs used in this study. (a) 
Apparent hydrodynamic radius, (b) polydispersity index (PDI), and (c) the decay rate Γ 
as a function of scattering vector magnitude (q2). Average values for the apparent 




2.3.2 Liquid Crystal Phase Behavior 
Dilute suspensions of CNCs in water (< 4 wt%) were isotropic, but with increasing 
CNC concentration the suspension became biphasic (4-8 wt%) and then fully chiral 
nematic (>8 wt%) as seen in the phase diagram (Figure 15a). When PPBT was introduced 
into the CNC/water system, the chiral nematic liquid crystal phase still formed but the 
isotropic-cholesteric phase transition shifted to lower concentrations of CNCs (Figure 
15b). Thus, PPBT appears to act as a depletant, causing a net attraction between CNCs and 
effectively increasing the rod concentration in the sample.146-147 Furthermore, PPBT is 
observed in both phases (isotropic and cholesteric) and this uniform partitioning remained 
even after several weeks of equilibration. An example of the CNC and PPBT ordering in 
the biphasic region (5 wt% CNCs + 3 mg/mL PPBT) is shown in Figure 15; spherulites are 
apparent under POM (Figure 15c) and at high magnification, the fingerprint texture of the 
chiral nematic phase can be visualized within the spherulites (Figure 15d). The anionic 
nature of PPBT in water may be the cause for its biphasic stability; charged polymers tend 
to partition more evenly due to the entropy of mixing of the counterions.135 Another 
possibility is that in the aqueous CNC environment, which is acidic due to the sulfate half 
ester groups,148 the PPBT side chain is protonated to form a carboxylic acid that hydrogen 




Figure 15 – Room-temperature phase diagram of CNC/water dispersions (a) without and 
(b) with PPBT. The lines drawn in (b) represent approximate phase transitions based on 
observed data points. (c-d) Polarized optical micrograph of 5 wt% CNC + 3 mg/mL 
PPBT. All samples were equilibrated for three weeks. 
Evidence for depletion attraction caused by the PPBT was also found in the 
measured chiral nematic pitch, p, which is a function of the rod packing. Even at a low 
PPBT concentration of 3 mg/mL (0.3 wt %), the presence of the polymer in the CNC LC 
host resulted in a shorter chiral nematic pitch than the pure CNC suspensions (Table 1). 
For both types of samples, an increase in CNC concentration resulted in a decrease in the 
pitch; comparable behavior has been observed in fd virus and PBLG systems where p 
decreased with rod packing fraction according to a power law.149-150 It is also possible that 
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the hydrogen-bonded PPBT chains on the CNC surface may partially screen the negative 
charges from the sulfate half-ester groups, reducing the repulsion and therefore distance 
between adjacent CNCs. 
Table 1 – Chiral nematic pitch of CNC/PPBT and CNC suspensions measured after 3 
weeks in a sealed capillary. 
 Chiral Nematic Pitch, p (μm) 
wt % CNC 3 mg/mL PPBT no PPBT 
2 - - 
5 4.37 ± 0.05 - 
8 3.29 ± 0.08 3.98 ± 0.04 
10 2.90 ± 0.08 3.44 ± 0.10 
2.3.3 CNC/PPBT Optoelectronic Properties 
Enhanced ordering of the polymer chains was observed with increased CNC 
concentration, as shown by the UV-vis spectra of PPBT/CNC/water mixtures (Figure 16). 
At a CNC concentration as low as 2 wt%, the PPBT solution showed a 0-0 vibrational peak 
at 578 nm, suggesting aggregation and π-π interactions. This absorbance peak increased in 
intensity with CNC concentration and was the highest for the 10 wt% sample. Furthermore, 
the introduction of CNCs resulted in an overall bathochromic shift in the UV-vis spectra; 
the shift of the 0-0 and 0-1 vibrational peaks to lower energies is an indication of increased 
polymer assembly.151-152  
A multivariate curve resolution (MCR) analysis of this UV-vis data revealed that 
the absorption spectra comprised two major principal components (Figure 16b). These two 
spectral components were inferred to be disordered chains and ordered aggregates. The 
higher energy component (black line) likely corresponds to the π-π* transition along 
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disordered polythiophene chains that dominates at short wavelengths. The lower energy 
component (red line) is likely associated with the co-facial π-π stacking of chains in 
ordered aggregates, which dominates at the longer wavelengths.153 In Figure 16c, the 
fraction of the two major components are plotted as a function of CNC concentration, 
showing that the “crystalline aggregate” component increases with the addition of CNCs, 
while the “amorphous” component decreases. 
 
Figure 16 – UV-vis spectra of 3 mg/mL PPBT in water as a function of CNC 
concentration after three weeks of aging. (b) The two principal components from a 
multivariate curve resolution (MCR) analysis of the UV-vis spectra: amorphous chains 
(black line) and ordered aggregates (red line). (c) Fraction of aggregate component (red 
circles) and disordered chain component (black squares) as a function of CNC 
concentration. 
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2.3.4 Circular and Linear Dichroism Spectroscopy 
To determine whether the PPBT organization was chiral, circular dichroism (CD) 
spectra were recorded in the UV-vis wavelength range. CD measures the difference in 
absorption and scattering between left- and right-handed circularly polarized light;154 a 
nonzero CD signal in the range of PPBT absorption would indicate that the polymer 
assembled in a chiral manner. The CNCs by themselves showed an oscillatory CD signal 
at concentrations of 8 wt% and higher (Figure 17a). The CD signal for these samples was 
likely due to scattering from the optically active twisted nematic phase, which has a strong 
optical rotary power and selective Bragg reflection from the helical pitch.112, 155 Both the 
linear dichroism (LD) and CD were measured for the CNC/PPBT blends (Figure 17b-e). 
With the addition of PPBT, the CD signal remained at zero for low CNC concentrations 
(<5 wt%, Figure 17b-c) but became strongly negative in the 500-600 nm range for high 
CNC concentrations (> 8 wt%, Figure 17d-e) where the peaks appear to correspond to the 
0-0 and 0-1 vibronic transitions at 578 nm and 550 nm, respectively. The LD was negligible 
in all of the samples, indicating that the CD signal was likely not obfuscated by linear 
effects.156-157 We can reasonably conclude that the CD of these samples primarily describes 
the “chirality transfer” from the CNCs to the PPBT because the polymer is a strong 
chromophore in the 500-600 nm range.158 However, it is important to note that for liquid 
crystal induced circular dichroism, circular birefringence effects can contribute to the 
overall apparent CD signal.159 The CD signal was negative, which implies that the PPBT 
stacking was right-handed; however, the chiral nematic phase formed by CNCs is well 
known to be left-handed. While the reason for this discrepancy is unclear, it is possible that 
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the signal is coming from PPBT chains interacting with and stacking along the right-
handed, twisted CNC surface.  
 
Figure 17 – Room temperature circular dichroism spectra for (a) pure CNC suspensions 
and (b-e) combined circular dichroism (CD, blue solid line), linear dichroism (LD, blue 
dashed line), and absorbance spectra (black solid line) for PPBT solutions with increasing 
CNC concentrations: (b) 0 wt%, (c) 5 wt%, (d) 8 wt%, and (e) 10 wt%. 
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Along with CNC concentration, the PPBT ordering was also a function of 
temperature. For a fully cholesteric sample (10 wt% CNC + 3 mg/mL PPBT), increasing 
the temperature up to 90°C caused the magnitudes of the absorbance and CD spectral bands 
to decrease (Figure 18a-b). The relative heights of the 0-0 and 0-1 peaks in the UV-vis 
began to change at 70°C. Although the UV-vis spectra did not undergo a blue shift, the less 
pronounced π-π stacking peak suggests an overall reduction in PPBT ordering.152 At these 
elevated temperatures, the CNCs experience a decrease in order and an increase in pitch 
(Figure 18c); as a result, the PPBT chain packing and alignment are reduced.160  
 
Figure 18 – Absorbance (a) and circular dichroism (b) spectra of 10 wt% CNCs + 3 
mg/mL PPBT at temperature increments of 10 ⁰C from 30 ⁰C to 90 ⁰C. (c) Pitch of chiral 
nematic phase as a function of temperature. 
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2.4 Conclusions 
Cellulose nanocrystals served as a liquid crystal “template” to drive a water-soluble 
polythiophene, PPBT, into ordered structures. POM images, UV-vis, and CD spectroscopy 
demonstrated that at certain concentrations and temperatures, CNCs imparted their long-
range order to PPBT, in what we believe is the first report of such ordering in conjugated 
polyelectrolytes. The polymer chains appeared to infiltrate the LC host and mimic its 
organization within the confines of adjacent rods (Figure 19).161  
 
Figure 19 – Schematic showing the confinement effect from the liquid crystal template 
on the PPBT chains, promoting planarization of their backbones. 
In order to minimize the excluded volume within these confines, the PPBT chains 
aligned and aggregated. PPBT aggregation promotes the planarization of the polythiophene 
backbone, which leads to an increase in conjugation length and a red shift in the UV-vis 
absorbance spectra. Nonetheless, surface effects between the cellulose rods and the 
polymer cannot be ignored and this will be the subject of future studies. The ability to 
initiate and tune the organization of a semiconducting polymer using bio-derived particles 
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shows promise for implementation in myriad applications, especially those that necessitate 
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CHAPTER 3. THERMALLY SWITCHABLE LIQUID 
CRYSTALS BASED ON CELLULOSE NANOCRYSTALS WITH 
PATCHY POLYMER GRAFTS 
3.1 Introduction 
Liquid crystals have found widespread technological use in applications ranging 
from displays163 to electro-optical devices164-165 to lasers.133, 166 These highly ordered 
materials are typically formed by the self-assembly of organic molecules or nanoparticles 
and display anisotropic optical properties, as required by the aforementioned and other 
applications.126 The long-range order of liquid crystals makes them also ideal for 
“templating” other materials such as plasmonic nanoparticles, 134, 167-168 silica, 129, 169-170 
and peptides, 171-172 into complex structures. When templated, these guests can adopt the 
order and orientation of the liquid-crystalline (LC) host, which can direct chiral assemblies, 
periodic superstructures, and many other architectures.173-174 In this context, aqueous LC 
suspensions of bio-derived high-aspect-ratio nanoparticles, including cellulose 
nanocrystals (CNCs) and chitin whiskers, have attracted significant interest in recent years, 
in part due to the abundance and renewable nature of the respective raw materials, and 
perhaps also because negative physiological impacts of these nanoparticle types appear to 
be modest.175-176 Both particle types exhibit LC phases in aqueous suspension and have 
been used as templates for functional materials.117, 132, 177-180  
In Chapter 2, we reported that lyotropic CNC suspensions can template the 
semiconducting polymer poly[3-(potassium-4-butanoate) thiophene-2,5-diyl] (PPBT) into 
 36 
ordered structures in which enhanced π-π interactions between the conjugated 
macromolecules can be observed. The LC template also showed a moderate response to 
temperature, which permitted some tunability of the PPBT π-π interactions. While these 
results show strikingly that CNC-based liquid crystals represent a promising template for 
organic electronics and other applications, in Chapter 3 we aim to amplify the structural 
and/or optical response of the lyotropic phase to temperature in order to harness the stimuli-
responsive behavior.  
A widely used approach to impart nanoparticles with temperature-dependent 
properties is their surface functionalization with a thermoresponsive polymer.99, 181 The 
grafting of several thermoresponsive polymers from CNC surfaces has been previously 
achieved via controlled radical polymerization routes after reacting surface hydroxyl 
groups with suitable initiators, which afforded uniformly decorated “brush”-like modified 
CNCs.182-190 In aqueous suspensions, such “hairy” nanoparticles exhibited thermo-
reversible aggregation and gelation above the lower critical solution temperature (LCST) 
of the grafted polymer, resulting in a 4- to 6-fold increase of the hydrodynamic diameter 
90, 184, 191 and a corresponding increase of the dynamic storage modulus.182, 189, 191 Although 
most of the previous studies have been of fundamental nature, several applications of 
thermoresponsive-polymer-grafted CNCs have been explored, including Pickering 
emulsions 192 and triggered drug release.193 Interestingly, however, little attention has been 
paid to the details of the self-assembly of such particles, in particular the questions whether 
or not they form LC phases, and to what extent such LC behavior might be affected by 
temperature changes around the LCST. In one study, poly(N,N-dimethylaminoethyl 
methacrylate) (PDMAEMA)-grafted CNCs were synthesized and the liquid crystal 
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formation in aqueous suspensions was studied.194 The hybrid particles formed the same 
chiral nematic phase as the unmodified CNCs,56 but above the LCST, the pitch of the chiral 
nematic twist decreased slightly and phase separation was observed, due to attractive 
interactions between the rods upon collapse of the PDMAEMA grafts.  
Different polymer graft morphologies are possible through “topochemical” or 
surface-selective functionalization of CNCs. A wide variety of topochemical modifications 
has been achieved on CNCs through chemistry on the reducing ends of the rods including 
thiolation,195-196 protein immobilization,197 and polymer grafting.198-199 Successful grafting 
of polymers both to and from CNCs was first demonstrated by Sipahi-Sağlam et al. through 
hydrazone linkages at the reducing ends.199 The grafting-to chemistry consisted of reacting 
amino-terminated poly(ethyleneglycol) or poly(dimethylsiloxane) to carboxyl-terminated 
CNCs, whereas the grafting-from approach relied on the selective immobilization of an azo 
initiator that was used to initiate the radical polymerization of acrylamide. Zoppe et al.198 
expanded on this work by introducing a water-tolerant synthetic route to selectively modify 
CNCs with an alkyl bromide ATRP initiator at the reducing ends; poly(N-
isopropylacrylamide), poly[2-(methacryloyloxy)ethyltrimethylammonium chloride], and 
poly(sodium 4-styrenesulfonate) were all successfully grafted from CNCs using this 
method.  
Here, a topochemical route was applied to functionalize CNCs with the 
thermoresponsive polymer PNIPAM, based on the hypothesis that the thermoresponsive 
particles thus made should largely retain their electrostatic interactions and high aspect 
ratio, both of which are important in forming LC phases.200 Selectively grafted or “patchy” 
CNCs were produced by growing PNIPAM from initiator sites via surface-initiated atom 
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transfer radical polymerization (SI-ATRP). Indeed, as targeted, the patchy PNIPAM-
grafted CNCs displayed a higher colloidal stability in water above the LCST of the grafted 
PNIPAM (~32 °C 195, 201) than reference CNCs that were decorated with PNIPAM in a 
brush-like manner. As a result, the mesophase of the patchy CNCs could reversibly be 
switched from a LC to an isotropic state around the LCST. By contrast, heating aqueous 
suspensions of the “brush” PNIPAM-modified CNCs causes phase separation while the 
mesophase is maintained. 
3.2 Materials & Methods 
3.2.1 Materials 
CNCs derived from wood pulp were obtained from the USDA Forest Products 
Laboratory (purchased from the University of Maine) in aqueous slurry form (13.5 wt%). 
A 1 wt% suspension at RT has a pH of 6.8 and a conductivity of 81.3 µS/cm. This 
suspension was subsequently diluted to the desired concentrations for the following 
reactions and the concentration of reaction products was determined gravimetrically. 2-
Bromoisobutanoic acid N-hydroxysuccinimide ester (NHS-BiB), N-(3-dimethylamino-
propyl)-N’-ethylcarbodiimide hydrochloride (EDC-HCl), ethylenediamine (EDA), N-
isopropylacrylamide (NIPAM, 97 %), copper (I) chloride, copper (II) bromide, 
N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA), acetic acid (glacial, 100%), 
aqueous hydrochloric acid (37 %), dimethyl sulfoxide (99.5 %), methanol (99 %), sodium 
chlorite (NaClO2), sodium phosphate dibasic (Na2HPO4), sodium hydroxide pellets, p-
toluenesulfonic acid (12 % in acetic acid), 2-bromopropionic acid, poly(N-
isopropylacrylamide) (PNIPAM, Mn = 30,000 Da), and dialysis tubing cellulose membrane 
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(MWCO 7 kDa) were all purchased from Sigma-Aldrich. The NIPAM was purified by 
recrystallization from 60:40 toluene:hexanes (v/v) prior to use. All other chemicals were 
used without further purification. Borosilicate glass rectangular capillaries of dimensions 
0.1 x 1.0 x 50 mm3 were purchased from VitroCom Inc. and used without surface treatment. 
Millipore-processed (Darmstadt, Germany) deionized (DI) water was used with a 
resistivity of 18.2 MΩ-cm.  
3.2.2 “Patchy” Initiator Decoration 
3.2.2.1 Oxidation of Reducing Aldehyde End Groups 
100 mL of a 1 wt% aqueous CNC suspension was stirred in a 250 mL round bottom 
flask. NaClO2 (2.83 g) was added to the CNC suspension to obtain a 313 mM solution. The 
reaction mixture was stirred for 30 min before the pH was adjusted to 3.5 with acetic acid. 
The mixture was stirred for 20 hours at room temperature (21-22 ⁰C). The CNCs were 
subsequently dialyzed until a dialysate pH of 6-7 was reached and were afterwards kept as 
an aqueous suspension. 
3.2.2.2 Amination of –COOH Groups 
100 mL of the oxidized CNCs (previously dialyzed, 1 wt%) were placed into a 250 
mL round bottom flask and the suspension was magnetically stirred. Na2HPO4 (0.71 g) was 
added to the CNC suspension to obtain a 50 mM solution. The pH was adjusted to 6.5 with 
NaOH or HCl, followed by the addition of 20 μL (0.3 mmol) of EDA. Finally, EDC-HCl 
(0.1 g) was added and the mixture was stirred for 4 hours at room temperature. The CNCs 
were dialyzed against deionized water and afterwards kept as an aqueous suspension. 
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3.2.2.3 Attachment of ATRP Initiator to Amine Functionality 
100 mL of amine-functionalized CNCs (previously dialyzed, 1 wt%) were added 
to a 250 mL round bottom flask and the suspension was magnetically stirred. Na2HPO4 
(0.14 g) was added to the CNC suspension to obtain a 10 mM solution. The pH was 
adjusted to 7.2 with NaOH or HCl. In a separate vial, NHS-BiB (87 mg) was dissolved in 
10 mL of DMSO and the solution was added dropwise to the flask containing the amine 
end-functionalized CNCs. The mixture was left to react for 4 hours at room temperature, 
followed by dialysis against deionized water. The aqueous suspension of the initiator-
modified CNCs thus made was stored at 4 ⁰C. The concentration of the final suspension 
was determined gravimetrically. 
3.2.3 “Brush” Initiator Decoration 
In a 100 mL round bottom flask, p-Toluenesulfonic acid (0.28 g, 12 % in acetic 
acid) was added to 7.4 g of a CNC aqueous slurry (13.5 wt%) and the suspension was 
magnetically stirred. Next, 2-bromopropionic acid (38.16 mL) was added to the mixture, a 
condenser was attached to the flask, and the reaction was stirred at 105 ⁰C for 4 hours. The 
mixture was allowed to cool to room temperature and diluted with DI water so that the 
CNC content was 1 wt% before transferring to a dialysis membrane. The CNCs were 
dialyzed against DI water until a dialysate pH of 6-7 was reached. The aqueous suspension 




3.2.4 Surface-Initiated Atom-Transfer Radical Polymerization (SI-ATRP) 
Polymerizations were carried out with a NIPAM/CuCl/CuBr2/PMDETA molar 
ratio of 100:1:0.3:2 in H2O/MeOH (50/50 v/v). An aqueous dispersion containing 100 mg 
of the initiator-modified CNCs was placed in a 250 mL round bottom flask. DI water (to 
bring the total water volume to 50 mL) and 50 mL of methanol were added. Then, 10 g of 
recrystallized NIPAM, 360 μL PMDETA, and 58 mg of CuBr2 were added to the flask 
with a stir bar and the flask was sealed with a septum. The mixture was subjected to three 
freeze-pump-thaw cycles with magnetic stirring. Finally, 88 mg of CuCl were added under 
a nitrogen blanket (positive pressure in flask) to initiate the polymerization and the flask 
was resealed. The mixture was stirred for 2 hours at ambient temperature before being 
subjected to dialysis against deionized water until neutral pH was reached. The aqueous 
suspension was stored at 4 ⁰C; aliquots taken from this batch were freeze-dried for analysis.  
3.2.5 Cleavage of Polymer Brushes via Hydrolysis 
Approximately 100 mg of PNIPAM-grafted-CNCs were suspended in 20 mL of 
aqueous 2 wt% NaOH and the mixture was stirred at ambient temperature for 72 hours, 
before the CNCs were separated off by centrifugation at 9000 rpm for 15 min. The 
supernatant was collected, neutralized to pH 7 with HCl, and dialyzed against DI water 
(3500 Da MWCO). The polymers were oven dried and dissolved in DMF for analysis.  
3.2.6 Size Exclusion Chromatography (SEC) 
A SEC-MALS setup was used to determine the molecular weights and dispersities 
of cleaved PNIPAM samples. The SEC system consisted of a Tosoh EcoSEC. The mobile 
 42 
phase was 0.1 M LiBr in DMF. The MALS system consisted of a Wyatt Dawn EOS and a 
Wyatt REX differential refractive index detector (DRI). Analysis was completed using 
Astra 5.3 software. The reported chromatograms displayed the light scattering trace from 
the 90⁰ detector. The dn/dc value used for PNIPAM was 0.071 mL/g.202  
3.2.7 Quantification of CNC Surface Groups via Colorimetric Assays 
3.2.7.1 Bicinchoninic Acid Assay 
This assay was adapted from a literature procedure.203 Two solutions were 
prepared: Solution A (pH 9.7), contained 5.428 g of Na2CO3, 2.42 g of NaHCO3, and 
0.1942 g of BCA disodium salt hydrate in 100 mL of Milli-Q water. Solution B contained 
0.1248 g of CuSO4·5 H2O and 0.1262 g of L-serine in 100 mL of Milli-Q water. A 
calibration curve was obtained with 0 – 8 x 10-5 M glucose solutions (Figure 20). For each 
concentration in the calibration curve, 2 mL of glucose solution, 1 mL of Solution A, and 
1 mL of Solution B were added to a glass vial. Each vial was sealed and shaken by hand 
prior to heating to 75 ⁰C for 30 min in a water bath. The vials were cooled to RT and their 
absorbance was measured at 560 nm.  
The same procedure was performed as for the calibration curve except that the 2 
mL of glucose solution was replaced by 2 mL of a CNC suspension containing 5.0 x 10-3 
g of CNCs (0.25 wt%). Once the suspensions were at room temperature after the heating 
step, they were centrifuged at 9000 rpm for 4 min. The absorbance of the supernatant was 




Figure 20 – Calibration curve for bicinchoninic assay. 
3.2.7.2 Ninhydrin Assay 
The procedure was adapted from a literature procedure.204 A calibration curve was 
obtained using 2-ethyl-1-hexylamine in DI water with concentrations ranging from 10-5 M 
to 2.5 x 10-4 M (Figure 21). 2 mL of the 2-ethyl-1-hexylamine and 1 mL of the ninhydrin 
reagent solution (ninhydrin and hydrindantin with lithium acetate buffer, pH 5.2) were 
added to a microwave vial sealed under N2, shaken by hand and heated for 30 min at 100 
⁰C. The tubes were then cooled down to room temperature and 5 mL of 50 % (v/v) 
ethanol/water was added to the mixture. 15 seconds of stirring using a Vortex mixer was 
performed in order to oxidize the excess of hydrindantin in the solution. The absorbance 
was recorded at 570 nm. 2 mL of a 0.5 wt% CNC suspension were used for the 
quantification of the primary amines. The same procedure was followed for the different 
samples of the calibration curve except that after vortex mixing, the CNCs were removed 
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from the suspension by centrifugation (9000 rpm, 4 min). The absorbance of the 
supernatants was measured at 570 nm. The experiments were done in triplicate. 
 
Figure 21 – Calibration curve for ninhydrin assay. 
3.2.8 Wide Angle X-Ray Diffraction 
The WAXS spectra was recorded with an S-MAX3000 pinhole camera (Rigaku 
Innovative Technologies, Auburn Hills, USA). The CNC film was kept under vacuum at 
room temperature during the measurement. Raw data was processed according to a 
standard procedure. 
3.2.9 Conductometric Titration 
Conductometric titration was performed with a S47 SevenMulti™ dual meter pH / 
conductivity probe. Prior to conductometric titration, the suspension was passed through a 
strong acid cation exchange resin column. Then, 9 mL of a 0.796 wt% CNC suspension 
containing 1 mM NaCl was titrated against 9.89 mM NaOH solution. The first equivalence 
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point indicates the sulfate half ester groups (312 µmol –OSO3/g CNCs), the second 
equivalence point indicates the carboxylic acid groups (26 µmol –COOH/g CNCs). 
3.2.10 Fourier Transform Infrared Spectroscopy (FTIR) 
Freeze-dried CNC samples were analyzed by a Thermo Scientific Nicolet iS50 
Fourier-transform infrared (FTIR) spectrometer in in attenuated total reflectance (ATR) 
mode. 
3.2.11 Elemental Analysis 
Bromine content (wt%) was determined by flask combustion followed by ion 
chromatography and was performed by Atlantic Microlab, Inc. 
3.2.12 Thermogravimetric Analysis (TGA) 
Thermograms of freeze-dried CNC samples were measured with an SDT Q600 (TA 
Instruments) in ramp mode from 30 ⁰C to 600 ⁰C at 10 ⁰C/min. 
3.2.13 Polarized Optical Microscopy (POM) 
POM images of the filled capillaries (0.1 x 1.0 mm ID) were taken using a Leica 
DMRX optical microscope equipped with rotatable polarizer and analyzer, and a Nikon 
D300 digital SLR camera. 
3.2.14 Zeta Potential 
A Malvern Zetasizer Nano Z system (λ = 632.8 nm) was used to analyze the 
electrophoretic mobility of the aqueous CNC dispersions (0.1 wt%) at 25 ⁰C and 40 ⁰C. 
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Electrophoretic mobility was converted to zeta potential through the Smoluchowski model. 
No salt was added to the samples prior to analysis and all of the samples had a pH of 8.1 ± 
0.1.  
3.2.15 Multi-Angle Dynamic Light Scattering (MADLS) 
Particle size was measured using a custom-built multi-angle light scattering 
apparatus equipped with a 660 nm laser source and an ALV-5000/E digital autocorrelator. 
Approximately 5 mL of each 0.1 wt% aqueous CNC suspension was transferred into a 
dust-free vial using a syringe attached to a 0.22 um Millipore PDVF membrane filter. Runs 
were performed for each sample and temperature at five scattering angles (30 ⁰, 45 ⁰, 60 ⁰, 
75 ⁰, 90 ⁰). The average apparent hydrodynamic radius was calculated from a third order 
cumulant fitting of the intensity autocorrelation function, extrapolated to zero scattering 
angle. 
3.3 Results & Discussion 
3.3.1 Characterization of CNC Dimensions, Crystal Structure, and Surface Chemistry  
CNCs derived from wood-pulp were purchased from the USDA Forest Products 
Laboratory (FPL). A length of 106 ± 39 nm and a width of 11 ± 2.5 nm was measured by 
AFM (Figure 22).  
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Figure 22 - AFM (A) height image and (B) phase image of unmodified CNCs. 
The CNCs used in this study (USDA Forest Products Laboratory, Madison, WI) were 
primarily cellulose II polymorphs, as evidenced by the wide-angle X-ray diffraction pattern 
(Figure 23), which shows characteristic peak maxima at 2θ values of 19.8 ⁰ and 21.8 ⁰, 
corresponding to the (110) and (020) lattice planes, respectively.  
 
Figure 23 - Wide-angle X-ray diffractogram of unmodified CNCs. 
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A minor component of the CNCs is from the cellulose I polymorph as small characteristic 
peaks were observed between 14 ⁰ - 17 ⁰ and 34.3 ⁰, corresponding to the (11̅0), (110) and 
(040) lattice planes, respectively.57, 205 Mixtures of two polymorphs for CNCs from the 
same supplier were reported previously by Reid et al.206 The source of this 
thermodynamically more stable cellulose polymorph could either be due to a concentrated 
NaOH treatment during the production process or it could be present in the starting 
material. As a result of this morphology, the CNCs used here feature aldehyde groups on 
both ends. Their concentration was quantified through a bicinchoninic acid (BCA) assay, 
in which Cu(II) ions are reduced by the aldehyde groups to Cu(I); a purple-colored complex 
is formed in presence of BCA, which can be quantified by colorimetric methods.207-208 The 
concentration of reducing end groups in the as-received CNCs was found to be 18.2 µmol 
CHO/g CNCs. The unmodified CNCs also contained a non-negligible amount of -COOH 
groups on their surface; a concentration of 26 µmol COOH/g CNCs was measured by 
conductometric titration (Figure 24). 209 The source of the –COOH groups is unknown but 




Figure 24 – Plot of the corrected conductivity vs. the volume of NaOH added, as 
measured during the conductometric titration of unmodified CNCs with 0.01 M NaOH. 
3.3.2 Surface-Initiated Grafting of PNIPAM from CNCs 
CNCs from which PNIPAM was grafted in a “patchy” manner, herein referred to 
as p-PNIPAM-g-CNCs, were synthesized by preferentially modifying the particle surface 
with an ATRP initiator and growing PNIPAM from those sites. For this modification, the 
aldehyde groups on the reducing ends of the CNCs were oxidized to carboxylic acids, 
followed by a reaction with ethylenediamine for amine functionality, and finally reacted 
with the alkyl bromine initiator for a surface-initiated atom transfer radical polymerization 
of N-isopropylacrylamide (Figure 25).  
 50 
 
Figure 25 – Reaction scheme for the “Patchy” SI-ATRP of PNIPAM from CNCs. 
The yields for each step in this reaction sequence were estimated through 
colorimetric assays. By performing the bicinchoninic assay (BCA) before and after the 
oxidation of the reducing ends with NaClO2, a yield of 57% was determined for the first 
reaction step. The carboxylic acid groups were subsequently reacted with an excess of 
ethylenediamine (EDA); the concentration of primary amine groups thus introduced was 
quantified by the ninhydrin (2,2-dihydroxyindane-1,3-dione) assay yielding 60.3 µmol 
NH2/g CNCs.204, 210-211 This amine content is higher than what would be expected in the 
case of quantitative functionalization of the oxidized aldehydes groups and reflects that the 
native –COOH groups were also able to react with the ethylenediamine.209, 212 In addition, 
some physical adsorption of ethylenediamine on the CNC surfaces, either through 
hydrogen bonding or electrostatic interactions, may be at play. Thus, while an accurate 
yield of the amination reaction could not be established, the efficacy was estimated by 
repeating the ninhydrin assay after attachment of the alkyl bromide initiator to the CNC 
surface. The value of 5.3 µmol NH2/g CNCs suggests a reaction yield of 91%. Using  
previously reported conditions, PNIPAM was successfully grown from the alkyl bromide 
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initiator sites to yield thermoresponsive CNCs.198 Given the above analysis, the PNIPAM 
chains cannot be expected to grow exclusively from the ends of the particles, but a 
significant fraction should originate from the rest of their surface, rendering the decoration 
“patchy”.  
For the purpose of comparison, CNCs were also decorated with PNIPAM in a 
brush-like manner. This was achieved by Fischer esterification of the primary surface 
hydroxyl groups with 2-bromopropionic acid to achieve uniform initiator decoration, 
followed by the polymerization of NIPAM using the same SI-ATRP conditions (Figure 
26).198   
 
Figure 26 – Reaction scheme for the “brush” SI-ATRP of PNIPAM from CNCs. 
This sample is designated b-PNIPAM-g-CNCs and was measured to have a Br content of 
1.72 wt% or ~215 µmol/g CNCs via elemental analysis. Using this data and assuming that 
the fraction of surface cellulose chains is 0.19 and that 1.5 surface hydroxyl groups are 
reactive per anhydroglucose unit, 213-214 the conversion of the surface OH groups was 
calculated to be 12.6%. The density of initiator groups was calculated to be 0.517/nm2, 
using the equation below: 
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where wt% is the weight percent of the attached initiator, NA is Avogadro’s constant, MW 
is the molecular weight of the attached initiator, and A is the surface area of the CNCs (258 
m2/g, measured using methods reported previously).198, 215 
The successful growth of PNIPAM from the CNCs (both “patchy” and “brush” 
morphologies) was confirmed by FTIR spectroscopy. The amide stretching and bending 
associated with the PNIPAM appeared in the spectra of the modified CNCs at around 1650 
cm-1 and 1540 cm-1, respectively (Figure 27).182 The vibrational mode associated with 
the -CH3 group of the isopropyl moiety in PNIPAM was also found around 2970 cm-1 in 
both spectra. As expected, all three of these peaks were more pronounced in the spectrum 
of b-PNIPAM-g-CNCs, due to the higher grafting density in this material (vide infra).  
 
Figure 27 - FTIR transmittance spectra of PNIPAM, unmodified CNCs, p-PNIPAM-g-
CNCs, and b-PNIPAM-g-CNCs. Dashed lines at 2970, 1650, and 1540 cm-1 highlight the 
vibrational mode associated with the PNIPAM’s -CH3 group, and the polymer’s amide 
stretching and bending. 
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The amount of grafted PNIPAM was estimated from thermogravimetric analysis (TGA) of 
the unmodified and modified particles (Figure 28). The neat CNCs and p-PNIPAM-g-
CNCs both exhibit an onset of degradation around 275 ⁰C, whereas the b-PNIPAM-g-
CNCs starts to degrade at ~315 ⁰C, i.e., closer to the degradation onset of neat PNIPAM 
(~350 ⁰C). Due to the covalently attached polymers on the surface of the CNCs, their 
thermal stability is increased.198 The first derivative curves of the PNIPAM-modified 
CNCs show two peaks: the initial degradation of the cellulose component, followed by the 
mass loss associated with the PNIPAM starting at 400 ⁰C. A Gaussian peak fitting 
procedure (Figure 29) provided an estimation of the relative contributions and thereby 
allowed an approximation of the polymer content;216 the analysis resulted in a PNIPAM 
content of 18 wt% for p-PNIPAM-g-CNCs and 37 wt% for the b-PNIPAM-g-CNCs.  
 
Figure 28 – (A) Thermogram and (B) 1st derivative curves from TGA of unmodified 




Figure 29 – Gaussian peak fitting of the TGA 1st derivative curves for p-PNIPAM-g-
CNCs (left) and b-PNIPAM-g-CNCs (right). 
The polymer grafts were cleaved from the CNCs by alkaline hydrolysis183 and their 
molecular weights and dispersities were determined using size exclusion chromatography 
(SEC). The cleaved PNIPAM from the “patchy” CNCs had a number-average molecular 
weight (Mn) of 60,440 g/mol and a dispersity (Ð) of 1.89. The “brush” PNIPAM had an Mn 
of 134,500 g/mol and a Ð of 1.39 (Figure 30). A potential explanation for the higher 
molecular weight of the PNIPAM chains of the “brush” modified CNCs is the so-called 
“growing viscous front” effect, observed by Behling et al. for SI-ATRP of styrene from 
clay particles, in which a high local viscosity at the particle interface and low separation of 
active sites leads to a higher rate of chain propagation at high surface grafting densities.217 
The grafting density for the “brush” CNCs was calculated to be 0.00642 chains/nm2 using 
Equation 1, where W is the weight of the cleaved polymer and Mn is used instead of MW.215 
Thus, the initiator efficiency was 1.24%. 
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Figure 30 – SEC curves of PNIPAM cleaved from p-PNIPAM-g-CNCs (“patchy”) and b-
PNIPAM-g-CNCs (“brush”). 
3.3.3 Temperature-Dependent Colloidal Stability of PNIPAM-grafted-CNCs 
The greatest difference between the “patchy” and “brush” modified PNIPAM-
CNCs was their colloidal stability in water. The p-PNIPAM-g-CNCs were stable even 
above the LCST of PNIPAM; the zeta potential of a 0.1 wt% suspension was -34.5 ± 1.0 
mV at 25 ⁰C and -36.4 ± 1.3 mV at 40 ⁰C with no visible agglomeration at the higher 
temperature. The high colloidal stability above the LCST is likely related to the fact that 
p-PNIPAM-g-CNCs retained much of their negative charges from sulfate half-ester groups 
introduced during sulfuric acid hydrolysis used in their isolation from cellulose pulp.56 The 
b-PNIPAM-g-CNCs had a zeta potential of -1.1 ± 0.1 at 25 ⁰C and -2.5 ± 0.2 at 40 ⁰C. The 
slight increase in the magnitude of the zeta potential with temperature might be associated 
with the collapse of PNIPAM chains above the LCST, exposing unreacted sulfate half ester 
groups. Unlike the p-PNIPAM-g-CNCs, the b-PNIPAM-g-CNCs aggregated significantly 
above the LCST as indicated by the fact that the dispersion became turbid (Figure 31).  
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Figure 31 – Photographs of aqueous suspensions (0.1 wt%) of the “patchy (p)” and 
“brush” (b) PNIPAM-grafted-CNCs below the LCST (left, 25 ⁰C) and above the LCST 
(right, 40 ⁰C). The “brush” particles visibly aggregate upon heating as shown by the 
increased opacity of the suspension. 
Multi-angle dynamic light scattering (MADLS) was used to measure the average apparent 
hydrodynamic radius (Rh,app) of the particles as a function of temperature (Figure 32). At 
room temperature, the unmodified CNCs had an Rh,app of ~80 nm whereas the “patchy” 
PNIPAM-CNCs and “brush” PNIPAM-CNCs were larger due to the presence of the 
polymer grafts with Rh,app of 106 nm and 144 nm, respectively. When heated above the 
LCST, the unmodified CNCs did not change size in contrast to both modified particles at 
40 °C. At this temperature, the p-PNIPAM-g-CNCs displayed an Rh,app  of 137 nm (29% 
increase), whereas the value of b-PNIPAM-g-CNCs rose to 3460 nm (2300% increase), 
indicative of aggregation (Table 2). The aggregation of the b-PNIPAM-g-CNCs was 
accompanied by a step-wise increase in the static light scattering intensity (Figure 34). 
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Figure 32 – Average apparent hydrodynamic radius (Rh,app) of unmodified CNCs, p-
PNIPAM-g-CNCs, and b-PNIPAM-g-CNCs as a function of temperature. 
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Figure 33 – Apparent hydrodynamic radii as a function of scattering vector magnitude 
(q2) and temperature for 0.1 wt% aqueous suspensions of unmodified CNCs, p-PNIPAM-
g-CNCs, and b-PNIPAM-g-CNCs. Average values for Rh at each temperature were 
obtained by extrapolation to 0 ⁰scattering angle. 
 
Table 2 – Zeta potential values and apparent hydrodynamic radii (Rh,app) of unmodified 
CNCs, p-PNIPAM-g-CNCs, and b-PNIPAM-g-CNCs below (25 ⁰C) and above the LCST 
(40 ⁰C) of PNIPAM. 
 CNCs p-PNIPAM-g-CNCs b-PNIPAM-g-CNCs 
25 °C 40 °C 25 °C 40 °C 25 °C 40 °C 
Zeta Potential (mV) -34.3 ± 2.2 -33.6 ± 1.2 -34.5 ± 1.0 -36.4 ± 1.3 -1.1 ± 0.1 -2.5 ± 0.2 
Rh,app (nm) 79.9 ± 8.7 78.4 ± 2.1 106 ± 5 137 ± 3 144 ± 7 3460 ± 410 
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Figure 34 – Static light scattering intensity (extrapolated to 0 ⁰ scattering angle) as a 
function of temperature for 0.1 wt% aqueous suspensions of unmodified CNCs, p-
PNIPAM-g-CNCs, and b-PNIPAM-g-CNCs. 
3.3.4 Thermoresponsive Liquid Crystal Phases 
At a total concentration of 10 wt%, aqueous dispersions of the p-PNIPAM-g-CNCs 
(corresponding to ~8.2 wt% CNCs and 1.8 wt% PNIPAM grafts based on TGA) displayed 
birefringence at room temperature, consistent with the formation of a LC phase (Figure 
35a-b). This concentration was chosen to be in the nematic phase based on phase diagrams 
of unmodified CNCs.162 When the sample was heated to 40 ⁰C, the birefringence nearly 




Figure 35 – (A-D) Polarized optical micrographs of an aqueous suspension of 10 wt% p-
PNIPAM-g-CNCs in a glass capillary. The left (A,C) and right (B,D) columns shows the 
same sample aligned parallel and in an angle of 45 degrees relative to the analyzer. The 
top images (A,B) were taken at 25 ⁰C, the bottom images (C,D) at 40 ⁰C. Dashed white 
lines indicate the boundary of the capillary. 
The cross-polarized microscopy images do not show the characteristic fingerprint texture 
of the chiral nematic phase (or cholesteric), as is often observed for CNC suspensions.144 
This cholesteric phase is speculated to be due to the chirality of the crystalline rods 
themselves 218 and in the case of the modified-CNCs studied here, the PNIPAM grafts may 
provide steric effects that prevent locally high concentrations of particles. An alternative 
explanation is that the particle concentrations studied were too low to observe the pitch 
under the microscope; previous studies have shown that decreasing concentrations of 
CNCs result in an increase in the pitch.219 However, samples prepared with 17 wt% CNCs 
did not show the fingerprint texture either (Figure 36). In the case of the p-PNIPAM-g-
CNCs sample, only slight differences were observed when the analyzer was rotated by ± 
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5º with respect to the polarizer (which should reveal differences in the birefringence for 
chiral samples, Figure 37), whereas a much more pronounced change was seen for a 
reference suspension containing 8.2 wt% of unmodified CNCs (Figure 38). 
 
Figure 36 – Polarized optical micrographs of aqueous suspensions of (A) p-PNIPAM-g-
CNCs (21 wt% total, 17 wt% CNCs) and (B) b-PNIPAM-g-CNCs (27 wt% total, 17 wt% 
CNCs). No fingerprint texture was observed at these high concentrations. 
 
Figure 37 – Polarized optical micrographs of an aqueous suspension of 10 wt% p-
PNIPAM-g-CNCs with the polarizer fixed and the analyzer rotated +5 ⁰ (A,D) and -5 ⁰ 
(B,E). The difference in intensity between the two images, showing chirality in the 
system, is shown in the third column (C,F). Images in the top row were all recorded at 25 
⁰C and images in the bottom row were taken at 40 ⁰C. 
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Figure 38 – Polarized optical micrographs of an aqueous suspension of 8.2 wt% CNCs 
with the polarizer fixed and the analyzer rotated +5 ⁰ (A,D) and -5 ⁰ (B,E). The difference 
in intensity between the two images, showing chirality in the system, is shown in the 
third column (C,F). Images in the top row were all recorded at 25 ⁰C and images in the 
bottom row were taken at 40 ⁰C. 
Keeping the particle concentration the same, a 13 wt% aqueous suspension of b-PNIPAM-
g-CNCs (corresponding to 8.2 wt% CNCs and 4.8 wt% grafted PNIPAM) was prepared 
and this sample displayed birefringence under crossed polarizers at room temperature 
(Figure 39a-b). However, upon heating, instead of dimming in intensity like the “patchy” 
CNC dispersion, the birefringence actually became brighter and changed its color (Figure 
39c-d). This is interpreted to be from the collapse of PNIPAM chains when passing through 
the LCST; the “brush” CNCs are rendered more hydrophobic so that they phase separate 
from the water near the walls of the capillary (Figure 39d).  
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Figure 39 – (A-D) Polarized optical micrographs of an aqueous suspension of 13 wt% b-
PNIPAM-g-CNCs in a glass capillary. The left (A,C) and right (B,D) columns shows the 
same sample aligned parallel and in an angle of 45 ⁰ relative to the analyzer. The top 
images (A,B) were taken at 25 ⁰C, the bottom images (C,D) at 40 ⁰C. Red arrows in D 
indicate an isotropic phase near the capillary walls due to phase separation. Dashed white 
lines indicate the boundary of the capillary. 
 
The fingerprint texture was not found in this sample and minimal differences in 
birefringence were observed when rotating the analyzer (Figure 40). 
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Figure 40 – Polarized optical micrographs of an aqueous suspension of 13 wt% b-
PNIPAM-g-CNCs with the polarizer fixed and the analyzer rotated +5 ⁰ (A,D) and -5 ⁰ 
(B,E). The difference in intensity between the two images, showing chirality in the 
system, is shown in the third column (C,F). Images in the top row were all recorded at 25 
⁰C and images in the bottom row were taken at 40 ⁰C. 
To investigate the reversibility of the observed thermal transitions, samples were 
progressively heated and subsequently cooled at a rate of 1 ⁰C/minute. Images were 
captured in 1 ⁰C intervals and the intensity of the images was compared to that of the image 
recorded at room temperature (I/I25°C). The intensity of the p-PNIPAM-g-CNC suspension 
was nearly constant upon heating to 33 ⁰C, followed by a stepwise drop at 33-34 ⁰C after 
which the intensity leveled out at ca. 40% of the original value (Figure 41). When the 
sample was cooled back down to room temperature, the normalized image intensity 
matched the data acquired upon heating. The plot of the b-PNIPAM-g-CNC suspension 
shows an initial decrease of I/I25° but at 33-34 ⁰C a stepwise increased to 135% of the 
original value is observed. Although the starting and final images at 25 ⁰C have almost 
identical intensity values, the trace of the b-PNIPAM-g-CNCs shows a slight hysteresis 
around the LCST, consistent with the occurrence of phase separation upon heating and thus 
a kinetically-delayed response upon cooling. This hysteresis decreased considerably with 
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a slower heating/cooling rate but did not disappear entirely (Figure 42). The residual 
hysteresis may be due to the formation of intrachain hydrogen bonding of the PNIPAM in 
its collapsed state.220            
 
Figure 41 – Image intensity of polarized optical micrographs of 10 wt% p-PNIPAM-g-
CNCs (left) and 13 wt% b-PNIPAM-g-CNCs (right) as a function of temperature during 
a 1 ⁰C/min heating and cooling cycle. 
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Figure 42 – Heating cooling cycles for POM images of 13 wt% b-PNIPAM-g-CNCs at a 
rate of (A) 2 ⁰C/min, (B) 1 ⁰C/min, (C) 0.5 ⁰C/min, and (D) 0.25 ⁰C/min. 
The drastically different thermal response of the aqueous suspensions of “patchy” 
and “brush” CNCs is a result of their dissimilar colloidal interactions. The p-PNIPAM-g-
CNCs liquid crystal turned “off” with heat on account of the collapse of the PNIPAM 
chains, which effectively reduced the packing density of the rods. This collapse provides 
the “patchy” CNCs with increased translational and rotational freedom with minimal 
attractive interactions, which was observed in the light scattering studies as well. The 
dispersion of the b-PNIPAM-g-CNCs, by contrast, displays an LC phase through the LCST 
because the attractive interactions dominate and the rods pack more tightly (Figure 43). 
The higher grafting density of the “brush” PNIPAM-CNCs made the particles more 
hydrophobic when the PNIPAM collapsed, causing them to attract to one another and expel 
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water in the process. As a result, the LC phase contracted and separated from the walls of 
the capillary.  
 
Figure 43 – Schematic illustrating the proposed temperature-responsive assembly in 
aqueous dispersions of p-PNIPAM-g-CNCs and b-PNIPAM-g-CNCs below and above 
the LCST of PNIPAM. Not drawn to scale.  
The increase in intensity was also accompanied by a change in the color. The source of this 
color shift is likely due to a change in refractive index of the collapsed PNIPAM compared 
to its swollen state. As white light traverses the liquid-crystalline sample, it is split into 
ordinary and extraordinary rays. The degree to which one is retarded compared to the other 
depends on Δn. When the rays are recombined after the analyzer, some wavelengths may 
destructively interfere, providing a color change.221  
To further support these conclusions, controls were prepared consisting of aqueous 
solutions/suspensions containing free PNIPAM (either 1.8 wt% or 4.8 wt% to match the 
concentrations of the suspensions of the “patchy” and “brush” CNCs studied) or physical 
mixtures of PNIPAM and CNCs (1.8 % PNIPAM + 8.2 % CNCs or 4.8 % PNIPAM + 8.2 
% CNCs). While the pure PNIPAM solutions did not exhibit any birefringence (Figure 
44), the mixed PNIPAM + CNC samples clearly exhibited a LC phase (Figure 45), but 
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unlike the grafted PNIPAM-CNC liquid crystals, did not show a significant response to 
temperature. These results indicate that the covalent attachment of PNIPAM chains at the 
CNC surface is critical for manipulation of the LC phases with a change in temperature. In 
the case of mixed PNIPAM + CNC samples, the free PNIPAM chains likely collapse and 
aggregate with other collapsed chains without affecting the electrostatic repulsions and, 
thus, the spacing between CNCs. The 1.8 % PNIPAM + 8.2 wt% CNCs sample 
experienced an 8% decrease in birefringence intensity and the 4.8 % PNIPAM + 8.2 wt% 
CNCs sample decreased in brightness by 17%. 
 
Figure 44 – Brightfield and cross-polarized microscopy images of aqueous solutions 
containing 1.8 wt% or 4.8 wt% PNIPAM at 25 ⁰C (top row) 40 ⁰C (bottom row). 
 69 
 
Figure 45 – Brightfield and cross-polarized microscopy images of aqueous mixtures 
containing 1.8 wt% PNIPAM + 8.2 wt% CNCs, or 4.8 wt% PNIPAM + 8.2 wt% CNCs at 
25 ⁰C (top row) 40 ⁰C (bottom row). 
3.4 Conclusions 
Preferential decoration of CNCs with alkyl bromide initiator groups enabled “patchy” 
grafting of the thermoresponsive polymer PNIPAM via SI-ATRP. The number of available 
reducing end groups on CNCs and the subsequent modification steps were successfully 
quantified by colorimetric assays. These particles were more colloidally stable than their 
full “brush” counterparts above the LCST of PNIPAM as measured by dynamic light 
scattering. Both types of modified particles formed LC phases at room temperature, but 
their responses to heat were different. The loss of birefringence of the “patchy” PNIPAM-
CNC liquid crystal caused the light transmittance through crossed polarizers to decrease 
by 60 % starting at 33 °C whereas the “brush” PNIPAM-CNC liquid crystal increased in 
brightness by 35 %. The increased brightness was attributed to attractive particle 
interactions when the solubility of the PNIPAM decreased above its LCST. The “patchy” 
particles had a lower polymer content and therefore did not exhibit the same response. 
Rather, the translational and rotational freedom afforded by the collapse of the PNIPAM 
chains resulted in the liquid crystal switching “off”. Pure PNIPAM solutions and PNIPAM 
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+ CNC physical blends were prepared as controls. No birefringence was observed in the 
pure PNIPAM solutions and the birefringence that was observed in the PNIPAM + CNC 
blends did not change with temperature. Therefore, chemical grafting of PNIPAM in a 
“patchy” morphology proved to be the optimal method for developing a liquid crystal 
temperature “switch”. This system could be used to template materials that have an electric 
or colorimetric response to aggregation, providing a basis for a thermal sensor.  
Furthermore, the temperature range for the response can be adjusted based on the 
monomer(s) chosen in the polymerization. For example, the liquid crystal switch could be 
tailored within 25-90 °C by using this reaction scheme to graft poly(ethylene glycol) 
methacrylates with varying ethylene glycol side chain lengths.186, 188, 222  Effects of the 
grafted polymer molecular weight and concentration of particles on the temperature 
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CHAPTER 4. FUNCTIONALIZED CELLULOSE 
NANOCRSYTAL-MEDIATED CONJUGATED POLYMER 
AGGREGATION 
4.1 Introduction 
The self-assembly of π-conjugated semiconducting polymers is a topic of substantial 
interest in the field of organic electronics.224-225 This self-assembly results in the formation 
of crystalline “aggregates” through chain folding and π-π stacking, facilitating charge-
carrier transport along both the conjugated backbone and the π-π stacking direction.20, 226 
Further, it has been shown that the presence of these polymer aggregates in solution can 
lead to films with enhanced optoelectronic properties as determined by improved charge-
carrier mobilities of thin films comprising the active layer in organic field-effect transistor 
devices 227-228 or improved power conversion efficiencies from bulk heterojunctions used 
in solar cells.229-230 Methods to induce aggregation in polythiophenes, in particular, poly(3-
hexylthiophene) or P3HT, have included sonication25-26, 231-233, UV irradiation23, 234-235, 
aging over time236-238, and poor solvent addition24, 239. However, many of these strategies 
require significant amounts of energy input or involve the addition of hazardous organic 
solvents.  
An alternative proposed approach is the use of nanoparticles as “seeds” or 
“nucleation agents” for crystalline aggregate growth. This seeded growth approach has 
been demonstrated through the addition of carbon nanotubes240-241, zinc oxide 
nanowires242, functionalized silica particles,243 boron nitride nanotubes244, or even already-
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formed P3HT nanofibrils for “self-seeding”.245-246 In a study by Luo et al., it was found 
that incorporating as little as 0.3 wt% of single-walled carbon nanotubes (SWNTs) in a 
solution of P3HT resulted in higher rate of crystallization. This was attributed to the 
interactions between the SWNT surface and the π-conjugated polymer chains, causing a 
reduction of the folding surface free energy of P3HT and the formation of P3HT nanofibrils 
perpendicular to the nanotube long axis.240 These interfacial interactions are presumed to 
be predominately due to π-π stacking, and appear to depend on the graphitic surface 
curvature and molecular weight of the polymer.241 Similarly, surface-modified zinc oxide 
(ZnO) nanowires were employed as a heterogeneous nucleation agent for P3HT. 
Depending on the ligand attached to the ZnO surface, either an aliphatic or aromatic group, 
differences in the fold surface free energy were observed, further demonstrating the 
influence of interfacial interactions on the organization of P3HT into semicrystalline 
structures.242 
 In this work, we explore the use of cellulose nanocrystals, or CNCs, as nucleation 
agents for P3HT semicrystalline aggregates. CNCs are rigid, rodlike particles derived from 
the acid hydrolysis of plant fibers.56 Because they are bio-derived, CNCs provide a more 
sustainable alternative to previously explored inorganic nanoparticles that often require 
vapor-phase synthesis methods.247-249 Furthermore, the surfaces of CNCs, abundant with 
hydroxyl groups, are easily modified with small molecules and polymers.250 Both aromatic 
(polystyrene and P3HT) and aliphatic (poly(N-isopropylacrylamide), PNIPAM) polymers 
were tethered to the surface of the CNCs, allowing for the systematic study of the effect of 
surface chemistry on the formation of P3HT semicrystalline aggregates. We demonstrate 
that the presence of certain polymer-grafted-CNCs results in increased aggregation of 
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P3HT in solution – the kinetics of which were determined by an Avrami model fitting of 
UV-vis spectroscopy data. The surface energies of each additive were calculated via 
contact angle measurements and were used to understand the mechanism of P3HT 
aggregation in these blended systems. Finally, films were cast from the P3HT/CNC 
solutions and their electronic performance was characterized by organic field-effect 
transistor (OFET) device measurements.  
 Materials & Methods 
4.1.1 Materials 
Regioregular P3HT (RR = 97%, MW = 95 kDa, PDI = 2.3) and regiorandom P3HT 
(MW = 63 kDa, PDI = 2.4) were purchased from Rieke Metals, Inc. and used without 
further purification. CNCs were purchased from the University of Maine in aqueous slurry 
form (11.5 wt%). Millipore-processed (Darmstadt, Germany) deionized (DI) water was 
used with a resistivity of 18.2 MΩ-cm. Anhydrous anisole, methanol, acetone, anhydrous 
chloroform, acetonitrile, 3-hexylthiophene, FeCl3, CuCl, CuBr2, p-Toluenesulfonic acid, 
acetic acid (glacial, 100%), 2-bromopropionic acid, N,N,N’,N”,N”-
pentamethyldiethylenetriamine (PMDETA), styrene, (N-isopropylacrylamide) (NIPAM) 
(97%), toluene, hexanes, and aluminum oxide powder were purchased from Sigma Aldrich. 
The NIPAM was recrystallized from 60:40 (v/v) toluene:hexanes before use. Styrene was 
passed through an aluminum oxide column to remove inhibitor before use. SnakeSkin 
cellulose dialysis tubing (MWCO 10 kDa) was purchased from ThermoFisher Scientific. 
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4.1.2 Functionalization of CNCs with an Alkyl Bromide Initiator 
p‐Toluenesulfonic acid (0.28 g, 12% in acetic acid) was added to 8.7 g of a CNC 
aqueous slurry (11.5 wt%) in a 100 mL round bottom flask and the suspension was 
magnetically stirred. Next, 2‐bromopropionic acid (38.2 mL) was added to the CNC 
mixture and the reaction was stirred at 105 °C for 4 hours with reflux. The mixture was 
allowed to cool to room temperature and was diluted with DI water so that the CNC content 
was 1 wt% before transferring to a dialysis membrane. The brominated CNCs were 
dialyzed against DI water until a dialysate pH of 6–7 was reached. 
4.1.3 Surface-Initiated Atom-Transfer Radical Polymerization (SI-ATRP) 
All polymerizations were carried out with a monomer/CuCl/CuBr2/PMDETA 
molar ratio of 100:1:0.3:2. The specific conditions for each reaction are shown in the table 
below. In each polymerization, 100 mg of initiator-modified CNCs were suspended in 30 
mL of the chosen solvent and placed in a 100 mL two-neck round bottom flask. For the 
synthesis of untethered PS and PNIPAM, a free initiator, Ethyl α-bromoisobutyrate (EBiB, 
260 μL), was added instead of the brominated-CNCs. Then, the monomer, PMDETA (360 
μL), and CuBr2 (58 mg) were added to the CNC suspension and the flask was sealed with 
a septum. The mixture was bubbled with dry N2 with stirring for 1 hour to remove dissolved 
oxygen. Finally, the CuCl (88 mg) was added under a nitrogen blanket to initiate the 
polymerization and the flask was resealed. After the specified reaction time, the flask was 
removed from heat (if applicable) and the polymer-grafted CNCs were purified by 
centrifuging and washing three times with methanol to remove excess monomer and the 
copper species. Finally, the CNCs were solvent-exchanged to acetone and then chloroform 
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for P3HT solution processing studies. The concentrations of final suspensions were 
determined gravimetrically. 
Sample Monomer Solvent Temperature Reaction Time 
PS-CNCs Styrene (10.1 mL) Anhydrous anisole 100 ⁰C 16 hours 
PNIPAM-CNCs NIPAM (10 g) 50:50 Methanol/H2O RT 2 hours 
4.1.4 Oxidative Polymerization of 3-hexylthiophene 
0.1 g of unmodified CNCs were solvent exchanged to acetone (x3) and then to 
anhydrous acetonitrile (0.1 wt%). The CNC suspension was then transferred to a 50 mL 
round bottom flask and was bubbled with dry nitrogen for 1 hour. Separately, a two-neck 
round bottom flask and stir bar were dried in a 140 ⁰C oven overnight and then immediately 
transferred to a nitrogen-filled glovebox. In the glovebox, 0.13 g FeCl3 was added and the 
flask was sealed with a septum. The flask was removed from the glovebox and 10 mL of 
the CNC suspension in acetonitrile was added via a nitrogen-purged syringe and needle. 
The solution was stirred magnetically and turned dark orange once the iron was fully 
dissolved. In a separate 5 mL round bottom flask, 2 mL of 3-hexylthiophene was added 
and bubbled with dry nitrogen for 1 hour. The 3-hexylthiophene was added dropwise to 
the flask containing the CNC/FeCl3 solution via syringe and needle. The mixture began to 
turn dark purple and was allowed to react for 12 hours at room temperature. Finally, the 
reaction was stopped by quenching with methanol. The modified CNCs were isolated via 
centrifugation and were washed several times with methanol to remove any residual iron. 
Removal of free (untethered) P3HT was achieved by dissolving the CNC mixture in 
chloroform and separating the purified P3HT-CNCs via centrifugation. The supernatant 
was collected for size exclusion chromatography and NMR spectroscopy.   
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4.1.5 Fourier Transform Infrared Spectroscopy (FTIR) 
The modified CNCs were dried and analyzed by a Thermo Scientific Nicolet iS50 
Fourier-transform infrared (FTIR) spectrometer in attenuated total reflectance (ATR) 
mode. 
4.1.6 Thermogravimetric Analysis (TGA) 
Thermograms of the polymer-grafted CNCs were measured with an SDT Q600 (TA 
Instruments) in ramp mode from 30 to 600 ⁰C at 10 ⁰C min-1. 
4.1.7 Size Exclusion Chromatography (SEC) 
The molecular weight and dispersity of the synthesized P3HT was obtained with a 
Tosoh EcoSEC-HT system with 1,2,4-trichlorobenzene (135 ⁰C) as the eluent and 
polystyrene as the standard. The molecular weights and dispersities of the synthesized PS 
and PNIPAM were obtained with a Tosoh EcoSEC system with chloroform as the eluent 
and polystyrene as the standard. All reported chromatograms displayed the differential 
refractive index trace. 
4.1.8 Solution Processing of Poly(3-hexylthiophene-2,5-diyl) (P3HT) 
Suspensions of polymer-grafted-CNCs in chloroform were adjusted to a 
concentration of 0.3 wt% through dilution or evaporation. 5 mg of dry P3HT was added to 
a 3 mL glass vial with a stir bar and 1 mL of the CNC suspension (or just pure chloroform 
for the control sample) was added. The vial was sealed and placed in a heating block with 
stirring at 60 ⁰C for 30 minutes or until the solution turned bright orange. The sample was 
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then removed from heat and allowed to cool to room temperature. Aliquots were taken at 
varying time points beginning from the time the vial left the heating block. 
4.1.9 UV-vis Spectroscopy 
Solution UV-vis spectra were recorded using an Agilent 8510 UV-vis spectrometer 
with a path length of 0.05 mm (20 μL droplet placed between two glass coverslips and 
secured with a clip). Solid UV-vis spectra were recorded by blade coating films of the 
CNC-P3HT solutions onto glass slides. 
4.1.10 Atomic Force Microscopy (AFM) 
AFM images were obtained using an ICON Dimension scanning probe microscope 
(Bruker) in tapping phase mode with a silicon tip (NSC-14, MikroMasch). 
4.1.11 Hansen Solubility Parameter Modeling 
Abbott and Hansen software was used to determine Hansen solubility parameters 
for P3HT, PS, and PNIPAM. 
4.1.12 Organic Field-Effect Transistor (OFET) Fabrication and Characterization 
Organic field-effect transistors were fabricated with a bottom-gate, bottom-contact 
geometry. The substrate was a highly n-doped silicon wafer (gate electrode) purchased 
from Rogue Valley Microdevices with a 300 nm thermally-grown SiO2 dielectric layer. 
Source and drain contacts were added on top of the SiO2 dielectric layer using a standard 
photolithography-based lift-off process followed by E-beam evaporation of a Cr adhesion 
layer (3 nm) and then Au (50 nm) in a clean room. Prior to blade-coating the P3HT/CNC 
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solutions, the OFETs were sonicated in acetone for 10 minutes, rinsed with acetone, 
methanol, and isopropanol, dried with an air gun, and finally placed in a UV-ozone 
chamber (Novascan PSD-UV) for 15 minutes to remove organic contaminants and residual 
photoresist. P3HT/CNC solutions were blade-coated on the cleaned OFETs at a speed of 
2.0 mm-s-1 with 5 μL solution and a blade height of 10 μm. The coated transistors were 
placed in a vacuum oven overnight at 55 ⁰C to remove residual solvent and then transferred 
immediately to a nitrogen-filled glove box for characterization. 
The devices were tested using an Agilent 4155C semiconductor parameter analyzer 
within 24 hours of blade-coating. The charge-carrier mobility and threshold voltage were 
calculated in the saturation regime (VDS = -80V; VGS = 80 to -80V) by plotting the square 
root of the drain current (IDS) versus the gate voltage (VGS); the mobility can be calculated 




(𝑉𝑉𝐺𝐺𝐷𝐷 − 𝑉𝑉𝑇𝑇)2 
Where W (2000 μm) and L (50 μm) are the transistor channel width and length, 
respectively. VT is the threshold voltage and C0 is the capacitance per unit area of the SiO2 
dielectric layer (1.15 x 10-8 F cm-2). The on/off ratio was calculated by dividing the 
maximum drain current under a negative bias by the minimum drain current under a 
positive bias. For each processed P3HT solution, at least three devices were measured to 




4.2 Results & Discussion 
4.2.1 Surface Functionalization of CNCs 
 Wood-pulp-derived CNCs were grafted with three different polymers: poly(3-
hexylthiophene-2,5-diyl), polystyrene, and poly(N-isopropylacrylamide) (Figure 46). The 
P3HT-grafted-CNCs were synthesized through an oxidative polymerization of 3-
hexylthiophene with no prior surface modification of the CNCs. In this polymerization, 
regiorandom P3HT (rraP3HT) grows both in solution (untethered) and from CNC surface 
hydroxyl groups (tethered) in the presence of FeCl3. The PS- and PNIPAM-grafted-CNCs, 
herein referred to as PS-CNCs and PNIPAM-CNCs, were synthesized through a surface-
initiated atom transfer radical polymerization (SI-ATRP). First, the CNCs were modified 
with an alkyl bromine initiator group through Fischer esterification of the primary surface 
hydroxyl groups with 2-bromopropionic acid. Either styrene or N-isopropylacrylamide was 




Figure 46 – Grafting schemes for P3HT (oxidative polymerization), PS (SI-ATRP), and 
PNIPAM (SI-ATRP). 
Successful modification of the CNCs with polystyrene, regiorandom poly(3-
hexylthiophene), and poly(N-isopropylacrylamide) was confirmed by Fourier-transform 
infrared (FTIR) spectroscopy (Figure 47). Unmodified CNCs exhibit a characteristic broad 
band from 3200 to 3500 cm-1 corresponding to –OH stretching, followed by a peak at 2900 
cm-1 from C-H stretching and another large peak at 1160 cm-1 from asymmetrical C-O-C 
stretching (glycosidic bond).251 The polystyrene-grafted-CNCs (PS-CNCs) had these same 
cellulose bands but with additional peaks at 3025, 1490, 1450, 750, and 695 cm-1, which 
were attributed to the C-H, CH-ring and C=C ring stretching bands, and aromatic C-H 
bending vibrations, respectively, from the polystyrene.252 The poly(N-
isopropylacrylamide)-grafted-CNCs (PNIPAM-CNCs) showed peaks for the amide 
stretching and bending at 1650 and 1540 cm-1, respectively, and a small peak at around 
2970 cm-1 for the C-H vibrations associated with the –CH3 group of the isopropyl moiety 
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of the PNIPAM.223 The final spectrum shows the CNCs functionalized with an oxidative 
polymerization of 3-hexylthiophene. In the P3HT-grafted-CNCs spectrum, several small 
peaks were observed at 2926, 2856, and 1455 cm-1, which correspond to the C-H stretching 
of the alkyl chain and the C=C backbone stretching of P3HT, respectively. The P3HT alkyl 
stretching peaks in the 3000-2800 cm-1 were difficult to resolve due to overlap with 
cellulose C-H bands.253 Untethered polymer formed during the polymerization was isolated 
and characterized with 1H NMR and FTIR spectroscopy; it was confirmed to be P3HT 
(Figure 48 and Figure 49). The sample is designated “rraP3HT-CNCs” because the grafted 
polymer is regiorandom (68.4% regioregularity, Table 3) due to the nature of the oxidative 
polymerization.254  
 
Figure 47 – FTIR transmittance spectra of unmodified CNCs, PS-CNCs, PNIPAM-





    
Figure 48 – 1H NMR for untethered P3HT formed during the oxidative polymerization of 
3HT with CNCs. 
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Figure 49 – FTIR of untethered P3HT isolated from the oxidative polymerization. 
 
Table 3 – Summary of 1H NMR molecular characterization of P3HT prepared via an 
oxidative polymerization. 
Dyads (%) Triads (%) 
HT HH HT-HT TT-HT HT-HH TT-HH 
68.4 31.6 47.1 17.9 17.9 17.1 
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Figure 50 – The four possible P3HT triads from head-tail (HT), head-head (HH), and tail-
tail (TT) couplings. 
The amount of polymer grafted to the particle surface was estimated using 
thermogravimetric analysis. The first derivative curves of the modified CNCs showed two 
distinct peaks: an initial degradation of the cellulose component below 350 ºC followed by 
the mass loss of the polymer at higher temperatures (Figure 51). 
 
Figure 51 – Thermograms and first derivative curves from TGA of bare (unmodified) 
CNCs, PNIPAM, PNIPAM-CNCs, PS, PS-CNCs, rraP3HT, and rraP3HT-CNCs. 
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A Gaussian peak fitting of these first derivative curves (Figure 52) provided an estimation 
of the relative mass contributions and therefore the polymer content.  
 
Figure 52 – Gaussian peak fitting of first derivative TGA curves to estimate polymer 
content. Blue peaks were assigned to the grafted polymer and red peaks were assigned to 
the cellulose component. 
Additionally, the molecular weights and dispersities of the grafted polymers were 
determined using size exclusion chromatography (SEC) (Figure 53). Untethered rraP3HT 
formed during the oxidative polymerization was isolated and untethered PS and PNIPAM 
were synthesized from a free bromine initiator species under the same ATRP conditions. 
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Although the rates of polymerization are likely to be different in solution versus on a 
particle surface, this method provided an easy route to comparing the functionalized CNCs 
because polymer cleavage and analysis was not successful.  
 
Figure 53 – SEC curves for P3HT in trichlorobenzene (140 ⁰C), PS in chloroform, and 
PNIPAM in chloroform. All reported Mn are relative to a polystyrene standard. 
Table 4 summarizes the estimated grafted polymer contents, number-average molecular 
weights and dispersities for each polymer system. The higher dispersity (Mw/Mn) for the 
PNIPAM sample compared to the PS sample is somewhat expected because ATRP has less 
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control over chain termination in highly polar solvents like water.255 The grafting densities 
were then calculated from the TGA and SEC results. PS-CNCs and PNIPAM-CNCs had 
grafting densities around 0.3 nm-2, which agrees with previous reports of SI-ATRP on 
CNCs.223 However, the grafting density for rraP3HT-CNCs was much lower at 0.04 nm-2. 
The low grafting density is a direct result of the stochastic nature of the oxidative 
polymerization initiation on the CNC surface.  
Table 4 – Estimated grafted polymer content (wt%), number-average molecular weight 
(Mn), and dispersity (Mw/Mn) for the isolated PS, PNIPAM, and rraP3HT.  
Polymer 
Polymer Content (wt%)a Mn (g/mol)b Mw/Mnb σ (nm-2)c 
PS  49.9 3,600 1.21 0.32 
PNIPAM 37.1 2,900 1.90 0.30 
rraP3HT 22.9 12,500 1.89 0.04 
aestimated from TGA; bmeasured by size exclusion chromatography; ccalculated from: 𝝈𝝈 =
�𝒘𝒘𝒘𝒘%𝟏𝟏𝟏𝟏𝟏𝟏�𝑵𝑵𝑨𝑨
𝑴𝑴𝒏𝒏𝑨𝑨
, where NA is Avogadro’s number and A is the surface area of CNCs (258 m2/g)223 
 
4.2.2 Solubility Characteristics of Functionalized CNCs 
The PS- and PNIPAM-CNCs were colloidally stable in chloroform; however, the 
unmodified CNCs and rraP3HT-CNCs sedimented to the bottom of the vial over time 
(Figure 54).  
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Figure 54 – Images of 0.3 wt% suspensions of PS-CNCs, PNIPAM-CNCs, and rraP3HT-
CNCs in chloroform immediately after shaking (left) and after 24 hours (right). 
Unmodified CNCs and rraP3HT-CNCs sediment to the bottom of the vial over time. 
The solution characteristics of the modified CNCs can be understood more easily by 
looking at the solubility of the grafted polymers in chloroform. The Hansen solubility 
parameters for pure PS, PNIPAM, and P3HT are presented in Table 5 and their Hansen 
solubility spheres were calculated and plotted in Figure 55. Hansen solubility parameters for 
PS and P3HT were taken from literature.24, 256 PNIPAM parameters were determined 
experimentally (Table 6). The relative energy differences (RED) between each polymer and 
chloroform (REDCHCl3) show that chloroform is a “better” solvent for PS (RED = 0.40) 
than for PNIPAM and P3HT (RED = 0.99 and 0.91, respectively); an RED = 1 indicates 
that the system will partially dissolve, whereas a RED < 1 indicates high solubility. The 
enhanced colloidal stability of PNIPAM-CNCs compared to rraP3HT-CNCs likely comes 
from their higher grafting density, which provides steric stabilization of the particles.257-258  
The compatibility of the grafted polymers with P3HT can be characterized by the 
overlap of the Hansen solubility spheres. The percent volume of the P3HT sphere that is 
occupied by the PS and PNIPAM spheres (%VP3HT) is 100% and 20%, respectively. This 
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suggests that P3HT has a more favorable physical affinity to PS than PNIPAM. The 
miscibility of PS and PNIPAM with P3HT is predicted with the polymer-polymer 
interaction parameter, 𝜒𝜒𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝑃𝑃3𝐻𝐻𝑇𝑇, which was calculated from the solubility parameters 
according to Equation 1 where V0 is the geometric mean of the polymer repeat unit molar 
volumes (P3HT = 153.0 cm3/mol, PNIPAM = 102.9 cm3/mol, and PS = 100.1 cm3/mol), R 
is the gas constant, T is the absolute temperature, and 𝛿𝛿 is the overall solubility 
parameter.259 The critical interaction parameter for achieving miscibility is given by 
Equation 2, which depends on the degree of polymerization of each polymer (DP), and the 
















The interaction parameters for PS-P3HT and PNIPAM-P3HT were estimated to be 0.18 
and 0.94, respectively. Based on the degrees of polymerization for each polymer, 𝜒𝜒𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 
for PS-P3HT was 0.026 and for PNIPAM-P3HT was 0.033. With the calculated interaction 
parameters higher than these critical values, we expect some polymer phase separation to 
occur in these systems. Phase separation between P3HT and PS has been reported259, 261 
but PNIPAM and P3HT blends have not previously been studied. 
Table 5 – Hansen solubility parameters (δD, δP, δH, δ in MPa0.5), relative energy 
difference with chloroform (𝑹𝑹𝑹𝑹𝑫𝑫𝑪𝑪𝑪𝑪𝑪𝑪𝒍𝒍𝟑𝟑), percent volume overlap with P3HT (%VP3HT), 
and the polymer-polymer interaction parameter with P3HT (𝝌𝝌𝒑𝒑𝒑𝒑𝒍𝒍𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑−𝑷𝑷𝟑𝟑𝑪𝑪𝑷𝑷) for each 
polymer system.  
Polymer δD δP δH 𝜹𝜹 𝑹𝑹𝑹𝑹𝑫𝑫𝑪𝑪𝑪𝑪𝑪𝑪𝒍𝒍𝟑𝟑   %VP3HT 𝝌𝝌𝒑𝒑𝒑𝒑𝒍𝒍𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑−𝑷𝑷𝟑𝟑𝑪𝑪𝑷𝑷 
PS 18.1 1.9 2.8 18.4 0.40 100 0.18 
PNIPAM 16.9 10.5 14.4 24.5 0.99 20 0.92 




Figure 55 – Hansen solubility spheres for pure PS (red), PNIPAM (blue), P3HT (green), 
and chloroform (black dot). 
Table 6 – Solubility of PNIPAM in selected organic solvents. Good solvents were 
assigned a value of “1” and poor solvents were assigned a value of “0”. 
 PNIPAM (mg/mL) 
Acetone > 5 
Acetonitrile > 5 
Anisole < 4 
Carbon Disulfide < 1 
Chloroform > 5 
Diethyl Ether > 5 
Dimethyl Formamide > 5 
Ethanol > 5 
Ethylene Glycol < 4 
Heptane < 1 
Hexane < 1 
Mesitylene < 4 
Methanol > 5 
Pyridine > 5 
Tetrahydrofuran > 5 
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4.2.3 UV-vis Characterization of P3HT Solutions 
To study the effect of particle surface functionality on the aggregation behavior of 
P3HT in solution, the polymer-grafted-CNCs were first dispersed in chloroform at a 
concentration of 0.3 wt%. P3HT was then dissolved in the CNC/chloroform mixture with 
heating until the solution turned bright orange –indicating full dissolution of the 
semiconducting polymer. The samples were removed from the heat and aliquots were taken 
from the vials to measure the solution UV-vis spectra and to blade coat films onto glass 
slides and organic field-effect transistor substrates (OFETs) at several time points. Upon 
cooling, the solutions began to turn dark purple, which is due to a change in the optical 
bandgap upon self-assembly of the P3HT chains (i.e. formation of crystalline 
aggregates).239  
UV-vis spectroscopy was used to characterize P3HT aggregate formation in solution 
(Figure 56a-d). Peaks at 615 and 570 nm correspond to the (0-0) and (0-1) vibronic 
transitions, respectively, which arise from intra- and interchain coupling of delocalized 
electrons during P3HT self-assembly.262-263 The broad peak at 455 nm corresponds to 
coiled, amorphous P3HT chains in solution.264 The degree of crystalline aggregate 
formation or “percent aggregation” was estimated by applying a Franck-Condon fitting to 
each UV-vis spectrum and calculating the areas under the crystalline and amorphous peaks 
(Figure 57).227, 265-266 All samples displayed an increase in aggregate fraction with solution 
aging time, which is consistent with a nucleation and growth mechanism for P3HT 
assembly (Figure 56e). P3HT blends with polymer-grafted-CNCs resulted in a higher 
percent aggregation than their untethered polymer blend counterparts (i.e. PNIPAM-CNCs 
vs. PNIPAM, PS-CNCs vs. PS). Within 24 hours, the percent aggregation for P3HT blends 
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with rraP3HT-CNCs, PS-CNCs, and PNIPAM-CNCs showed a 48 %, 191 %, and 221 % 
increase compared to the control, respectively. Ultimately, the addition of PNIPAM-CNCs 







Figure 56 – Normalized UV-vis absorption spectra of (a) P3HT/ P3HT + unmodified 
CNCs, (b) P3HT + rraP3HT/ P3HT+ rraP3HT-CNCs, (c) P3HT + PS/ P3HT + PS-CNCs, 
and (d) P3HT + PNIPAM/ P3HT + PNIPAM-CNCs in solution as a function of aging 
time. Solid lines represent blends with polymer-grafted-particles and dashed lines 
represent blends with untethered polymers. (e) Percent aggregation of P3HT for each 
sample calculated from the solution UV-vis spectra as a function of aging time. For all 




Figure 57 – Example of Franck-Condon fitting of solution UV-Vis spectra (pure P3HT, 4 
days aging). 
The kinetics of P3HT crystallite growth were quantified by fitting the UV-vis 
aggregation data in the first 24 hours with the Avrami model (Equation 3). In the Avrami 
equation, the crystallinity (α) at time t is related to an overall rate constant, k, and the 
Avrami exponent, n, which describes the dimensionality of the crystal growth.267-268  
𝛼𝛼(𝑤𝑤) = 1 − exp[−(𝑘𝑘𝑤𝑤)𝑛𝑛] (3) 
The time-dependent P3HT aggregation behavior fit well to this model as shown by the 
Sharp-Hancock plot where the UV-vis data appeared linear (Figure 58). The k and n values 
obtained from the Avrami fits are summarized in Table 7. The relatively low values for 
the Avrami exponent (n < 1) agree with previous studies on slow polymer crystallization 
and indicate heterogeneous nucleation with linear growth.269-270 This is reasonable given 
that P3HT is known to assemble into long nanofibers from the π-π stacking of adjacent and 
folded chains.226, 271  
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P3HT alone had a slow initial aggregate growth rate with k = 1.6 x 10-3 hr-1 but this 
increased with the presence of certain additives. The highest initial growth rates came from 
P3HT blends with PNIPAM-CNCs (k = 6.9 x 10-3 hr-1) and untethered PNIPAM (k = 1.2 x 
10-2 hr-1). Similarly, PS and PS-CNCs increased the P3HT aggregate growth rate constant 
to 2.7 x 10-3 and 5.2 x 10-3 hr-1, respectively. However, the aggregate growth rate constant 
decreased with the addition of rraP3HT and rraP3HT-CNCs by several orders of magnitude 
(k = 4.5 x 10-8 and 1.1 x 10-6, respectively). The addition of unmodified CNCs did not have 
a measurable effect on the growth rate constant. 
 
Figure 58 – Sharp-Hancock plot showing the kinetics of initial P3HT crystalline 




Table 7 – Growth rate constant (k) and Avrami exponent (n) values calculated from fits 
of the first 24 hours of UV-vis aggregation data for each additive system. The quality of 
the linear regression is presented as a root-mean-square error (RMSE). 
Additive k x 103 (hr -1) n RMSE 
None (control) 1.6 0.79 0.03 
Unmodified CNCs 1.9 0.69 0.01 
rraP3HT 4.5 x 10-5 0.23 0.06 
rraP3HT-CNCs 1.1 x 10-3 0.24 0.05 
PS 2.7 0.84 0.07 
PS-CNCs 5.2 0.69 0.17 
PNIPAM 1.2 x 101 0.96 0.15 
PNIPAM-CNCs 6.9 0.71 0.14 
In order to elucidate the mechanism for P3HT aggregate growth in the presence of 
each additive, the surface free energies were estimated through contact angle goniometry. 
It is known that both the chemical nature of the nucleating agent and its size play a large 
role in reducing the interfacial free energy of the crystallizing polymer. In general, the 
higher the preference of the crystallizing polymer to absorb onto the heterogeneous 
nucleating agent, the lower the activation free energy for nucleation will be. In the case of 
polymer-grafted-nanoparticles, there are additional entropic and enthalpic effects to 
consider due to polymer-polymer interactions at the particle interface. Nevertheless, the 
surface free energy can be used as a starting point for qualitatively understanding these 
interactions. 
The total surface free energy (𝛾𝛾𝑠𝑠) and the dispersive-polar components (𝛾𝛾𝑠𝑠𝑑𝑑, 𝛾𝛾𝑠𝑠
𝑝𝑝) of 
each additive were obtained by measuring the contact angles (θ) of several liquids of 
known surface energy (𝛾𝛾𝑝𝑝𝑐𝑐, 𝛾𝛾𝑝𝑝𝑐𝑐𝑑𝑑, 𝛾𝛾𝑝𝑝𝑐𝑐
𝑝𝑝) on the solid surfaces (Table 8 and Table 9) and 











𝛾𝛾𝑠𝑠 = 𝛾𝛾𝑠𝑠𝑑𝑑 + 𝛾𝛾𝑠𝑠
𝑝𝑝 
The calculated surface energies are summarized in Table 10 and the linear fits are shown 
in Figure 59. The PNIPAM-CNCs and pure PNIPAM had the highest surface free energies 
at 77.8 and 65.9 mJ/m2, respectively. P3HT had the lowest surface free energy (23.3 mJ/m2) 
but the P3HT-grafted-CNCs had a surface free energy that was nearly 3 times higher (64.1 
mJ/m2). This is due to the low grafting density of P3HT, which results in a large fraction 
of exposed cellulose with a high surface free energy in the range of 70-80 mJ/m2.273 PS and 
PS-CNCs had similar surface free energy values (32.7 and 34.8 mJ/m2, respectively) which 
agree with reported values in the literature for pure PS.274  
Table 8 – Contact angles of polymer/CNC films with various liquids. 
Sample 𝜽𝜽𝑪𝑪𝟐𝟐𝑶𝑶 𝜽𝜽𝑹𝑹𝑬𝑬  𝜽𝜽𝑬𝑬𝒍𝒍𝒑𝒑𝑮𝑮𝒑𝒑𝒑𝒑𝑮𝑮𝒏𝒏 𝜽𝜽𝑫𝑫𝑴𝑴𝑫𝑫𝑶𝑶 𝜽𝜽𝑪𝑪𝒑𝒑𝑮𝑮𝒍𝒍𝒑𝒑𝑪𝑪𝒑𝒑𝑪𝑪𝑪𝑪𝒏𝒏𝒑𝒑  𝜽𝜽𝒑𝒑𝒑𝒑𝒎𝒎𝑮𝑮𝒘𝒘𝒑𝒑𝒍𝒍𝒑𝒑𝒏𝒏𝒑𝒑  
P3HT 100.7 ± 0.6 77.3 ± 1.4 - 66.5 ± 2.6 23.3 ± 1.3 - 
rraP3HT-CNCs 29.0 ± 2.7 31.3 ± 0.3 - 22.1 ± 1.4 - - 
PS 92.1 ± 0.7 62.4 ± 0.7 77.5 ± 0.3 45.3 ± 0.5 - - 
PS-CNCs 88.3 ± 0.4 63.2 ± 0.8 - 34.8 ± 2.4 - - 
PNIPAM 17.2 ± 1.4 35.3 ± 0.7 - - - 16.3 ± 0.5  
PNIPAM-CNCs 33.8 ± 2.2 34.4 ± 1.8 53.0 ± 2.1 - - - 
Table 9 – Surface free energy values for various liquids.272, 275 
Liquid 𝜸𝜸𝒍𝒍 𝜸𝜸𝒍𝒍𝒅𝒅 𝜸𝜸𝒍𝒍
𝒑𝒑 
Water 72.8 21.8 51.0 
Ethylene Glycol 48.8 32.8 16 
Glycerol 64.0 24.0 30.0 
DMSO 44.0 36.0 8.0 
Cyclohexane 25.2 25.2 0 
Mesitylene 28.8 27.9 0.9 
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Table 10 – Comparison of total surface free energy (mJ/m2) and dispersive-polar free 
energy components for the polymer/CNC systems used in this study. Values were 
calculated from contact angle experiments and the quality of the linear regression is 
presented as a root-mean-square error (RMSE). 
Sample 𝜸𝜸𝒎𝒎 𝜸𝜸𝒎𝒎𝒅𝒅 𝜸𝜸𝒎𝒎
𝒑𝒑 RMSE 
P3HT 23.3 22.3 1.0 0.10 
rraP3HT-CNCs 64.1 54.8 9.3 0.56 
PS 32.7 31.3 1.5 0.08 
PS-CNCs 34.8 32.8 2.0 0.30 
PNIPAM 65.9 11.2 54.7 0.88 
PNIPAM-CNCs 77.8 0.6 77.2 0.22 
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Figure 59 – Linear fits of contact angle data to yield surface free energy values. 
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In general, it was found that a higher additive surface free energy led to more P3HT 
aggregation. The unmodified CNCs and rraP3HT-CNCs were exceptions to this trend, 
most likely due to their low solubility in chloroform; poor colloidal stability and 
sedimentation decreases the number of suspended particles and surface area to interact with 
P3HT. This observed correlation between surface free energy and P3HT aggregation is 
counter to classical nucleation theory, where decreasing surface free energy is expected to 
lower the free energy barrier to heterogeneous nucleation.276-277 As mentioned previously, 
polymer-grafted-nanoparticles present a more complex system for study than unmodified 
nanoparticles because of polymer-polymer interactions at the interface. In the area of 
polymer nanocomposites, it has been shown that polymer-grafted-nanoparticles have low 
miscibility with homopolymers due to loss of conformational entropy of the free polymers 
close to the nanoparticle surface.278 Therefore, it is unlikely that free polymers will nucleate 
on these polymer brushes; rather, the interfacial and spatial effects introduced by polymer-
grafted-nanoparticles will affect the mobility of the free polymer chains and therefore the 
crystal growth rate.279  
The solution UV-vis data suggests a more complex role of polymer-grafted-
nanoparticles on the mechanism of P3HT self-assembly. First, PNIPAM and PNIPAM-
CNCs, which have a large polar component of their surface free energy (𝜸𝜸𝒎𝒎
𝒑𝒑 = 54.7 and 77.2 
mJ/m2, respectively) compared to P3HT (𝜸𝜸𝒎𝒎
𝒑𝒑 = 1.0 mJ/m2), are not expected to strongly 
interact with P3HT and, as indicated by the interaction parameter, will likely phase 
separate. The lack of polymer chain entanglements in addition to the spatial confinement 
imposed by the immiscibility could be the reason for high P3HT aggregate growth rates 
compared to the control.  
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The PS and PS-CNCs also exhibit enhanced aggregated growth rates compared to 
the control but differ from the PNIPAM additives due to more favorable interactions with 
P3HT (e.g. π-π stacking) as shown in the Hansen solubility analysis and their surface free 
energies (𝜸𝜸𝒎𝒎
𝒑𝒑 = 1.5 and 2.0 mJ/m2, respectively). It has been suggested that polymer brushes 
with favorable interactions with a homopolymer actually retard the crystallization process 
because of polymer entanglements at the particle interface.280-281 Thus, P3HT assembly in 
the presence of PS is likely hindered somewhat by chain entanglements that limit the 
diffusion of free P3HT chains to the growing semicrystalline aggregates. This also could 
be the reason for the slightly lower aggregate growth rates of P3HT with the untethered 
polymer additives compared to polymer-grafted-CNC additives; the additional degree of 
freedom of the untethered polymers allows them to “compete” for access to the growth 
front.  
Finally, the addition of rraP3HT and rraP3HT-CNCs caused a decrease in P3HT 
aggregation compared to the control. P3HT chains with low regioregularity are not 
expected to form crystalline aggregates themselves because they have short conjugation 
lengths from twisting along the backbone.  Furthermore, poor solubility, sedimentation of 
rraP3HT-CNCs, and strong interactions between regiorandom P3HT and regioregular 
P3HT likely impede P3HT aggregation. Therefore, even though the overall P3HT 
concentration is higher in P3HT + rraP3HT blends, the percent aggregation does not 
increase accordingly. The proposed mechanism of the crystallization of P3HT in the 
presence of polymer-grafted CNCs is shown in Figure 60.   
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Figure 60 – Schematic illustration of possible mechanisms for P3HT assembly in the 
presence of polymer-grafted CNCs in solution: thermodynamically-driven assembly in 
the case of high surface energy/highly immiscible components (e.g. PNIPAM-
CNCs/P3HT) and diffusion-limited assembly in the case of components with more 
favorable interactions (e.g. PS-CNCs/P3HT). Not drawn to scale. 
4.2.4 Characterization of Thin Films 
While solution characteristics are an important aspect of organic electronics, 
ultimately, the performance of devices depend on the morphology of deposited thin films.  
 The absorbance spectra of thin films coated from the P3HT blends are shown in 
Figure 61. Similarly to the solution UV-vis, each film spectrum has two low energy peaks 
from crystalline regions (A0-0 and A0-1) and a higher energy peak attributed to energetic 
disorder. In a model developed by Spano and co-workers,282 the ratio of the intensities of 
these two peaks can be used to estimate the free exciton bandwidth of the H-aggregates, 
W, which is inversely related to the polymer conjugation length and degree of ordering in 
the thin films according to Equation 5 below.121 Ep is the vibrational energy of the C = C 









The exciton bandwidths for each P3HT blend as a function of solution aging time are 
shown in Figure 61e. A decrease in W with aging time is observed for nearly all of the 
samples and the films with the lowest exciton bandwidth correspond to the solutions with 
the highest percent aggregation. This implies that P3HT crystalline aggregates formed in 





Figure 61 – Normalized UV-vis spectra of thin films of (a) pure P3HT and (b) P3HT + 
PNIPAM-CNCs as a function of aging time. (c) Exciton bandwidth in the thin films. 
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The morphology of the deposited films was imaged with atomic force microscopy (AFM). 
Long, P3HT fibers can be seen in all films deposited from 24-hour-aged solutions (Figure 
62) except for the P3HT + unmodified CNCs (Figure 62b). For the films that had P3HT 
fibers, the density of fibers was higher compared to the control (Figure 62a) and increased 
with solution aging time (Figure 63 and Figure 64). While most films appeared 
homogeneous, micro-phase separation can be seen in the P3HT + unmodified CNCs 
(Figure 62b), P3HT + PS (Figure 62e), and P3HT + PNIPAM (Figure 62g) blends. 
 
Figure 62 – AFM phase images (5 μm x 5 μm) of  the top surfaces of thin films cast from 
24-hour-aged solutions of (a) P3HT, (b) P3HT + unmodified CNCs, (c) P3HT + 
rraP3HT, (d) P3HT + rraP3HT-CNCs, (e) P3HT + PS, (f) P3HT + PS-CNCs, (g) P3HT + 
PNIPAM, (h) P3HT + PNIPAM-CNCs. Films were deposited via blade coating and all 
solutions had a P3HT concentration of 5 mg/mL and 0.3 wt% additives. 
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Figure 63 – AFM phase images (5 μm x 5 μm) of the top surfaces of thin films cast from 
10-min-aged solutions of (a) P3HT, (b) P3HT + unmodified CNCs, (c) P3HT + rraP3HT, 
(d) P3HT + rraP3HT-CNCs, (e) P3HT + PS, (f) P3HT + PS-CNCs, (g) P3HT + 
PNIPAM, (h) P3HT + PNIPAM-CNCs. Films were deposited via blade coating and all 
solutions had a P3HT concentration of 5 mg/mL and 0.3 wt% additives. 
 
Figure 64 – AFM phase images (5 μm x 5 μm) of the top surfaces of thin films cast from 
4-day-aged solutions of (a) P3HT, (b) P3HT + unmodified CNCs, (c) P3HT + rraP3HT, 
(d) P3HT + rraP3HT-CNCs, (e) P3HT + PS, (f) P3HT + PS-CNCs, (g) P3HT + 
PNIPAM, (h) P3HT + PNIPAM-CNCs. Films were deposited via blade coating and all 
solutions had a P3HT concentration of 5 mg/mL and 0.3 wt% additives. 
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The atomic compositions of the films were measured with X-ray photoelectron 
spectroscopy (XPS). Spectra were recorded at the top surface and after ion etching down 
towards the bottom surface. The C/S ratios for each film before and after etching are shown 
in Table 11. For the control and P3HT + rraP3HT films, the C/S ratio did not change 
significantly from the top of the film towards the bottom, which is expected because P3HT 
is the only component present. The theoretical atomic ratio of C/S for P3HT is 10 and 
carbon-containing contaminants may have contributed to the slightly higher C/S ratio that 
was measured in these films (~12-14).[64] P3HT films containing unmodified CNCs, PS-
CNCs, and PNIPAM-CNCs started with relatively low C/S ratios at the surface (14.6, 8.3, 
and 15.4, respectively) that increased after etching (25.2, 38.8 and 24.9, respectively). This 
suggests that vertical phase separation occurred in these films with a P3HT-rich phase at 
the top surface and a CNC-rich phase towards the bottom. Conversely, P3HT films 
containing PS and PNIPAM had fairly high C/S ratios at the top surface (26.2 and 28.6, 
respectively) that increased after etching (29.3 and 53.4, respectively), which indicates that 
there was a considerable amount of PS and PNIPAM distributed throughout the film. 
Finally, P3HT films containing rraP3HT-CNCs had a C/S ratio of 12.3 at the top surface 
that increased to 16.6 near the bottom of the film. This marginal increase in the C/S ratio 
despite the presence of CNCs is due to the rraP3HT grafts on the particle surface, 




Table 11 – Ratio of C1s to S2p signals (C/S) from XPS analysis at the top surface of the 
film and after ion etching. 
 C/S 
Film Before Etching (Top Surface) After Etching 
P3HT Control 12.4 13.2 
P3HT/Unmodified CNCs 14.6 25.2 
P3HT/rraP3HT 13.7 13.5 
P3HT/rraP3HT-CNCs 12.3 16.6 
P3HT/PS 26.2 29.3 
P3HT/PS-CNCs 8.3 38.8 
P3HT/PNIPAM 28.6 53.4 
P3HT/PNIPAM-CNCs 15.4 24.9 
 
4.2.5 Organic Field-Effect Transistor Device Performance 
The electronic performance of each P3HT blend was evaluated by blade-coating 
solutions onto bottom-gate bottom-contact organic field-effect transistor substrates. Figure 
65 presents the charge-carrier mobility, a measure of the charge transport in the P3HT-
nanoparticle films. Mobility values generally increased with solution aging time, which is 
a result of increased P3HT aggregation and decreased exciton bandwidth in the films. The 
addition of modified CNCs improved the charge-carrier mobility compared to P3HT alone; 
with 4 days of aging, the mobility was increased by 216 %, 322 %, and 641 % in P3HT 





Figure 65 – Schematic showing the deposition of P3HT solutions onto OFETs and the 
possible morphologies. Solutions were blade-coated parallel to the source and drain 
electrodes. Average charge-carrier mobilities of each P3HT blend measured with OFETs 
as a function of aging time. 
Surprisingly, the highest device performance was obtained with films of P3HT + 
rraP3HT-CNCs despite lower P3HT aggregation observed in the UV-vis spectra. Looking 
at the XPS data, these films had the lowest measured C/S ratio near the bottom interface 
compared to other CNC-blended films, which indicates a high content of P3HT. This is 
important because charge transport takes place at the dielectric/semiconductor (bottom) 
interface rather than the bulk of the film.284 Furthermore, it has been found previously that 
the surface energy of the substrate effects the thin film morphology and device performance 
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as P3HT will have a lower barrier to heterogeneous nucleation on lower energy surfaces 
during solvent evaporation and film formation.276 It is possible that the rraP3HT-CNCs, 
which sedimented in solution, deposit readily on the SiO2 surface, giving the free P3HT a 
lower energy interface for nucleation. Transfer curves are shown in Figure 66. Mobilities, 
threshold voltages, and on/off ratios for films with each additive are found in Table 12, 
Table 13, and Table 14, respectively. High threshold voltages and off currents were 
measured in all films, which can be attributed to residual O2 doping from processing under 
atmospheric conditions and/or charge traps at the semiconductor/dielectric interface and 
from the hydroxyl groups present on CNCs.285-287  
None of the devices coated with P3HT + PNIPAM worked but mobility values for 
P3HT + PS and P3HT + rraP3HT films were obtained. According to the XPS results, the 
C/S ratio at the bottom interface was five times higher than the theoretical value for P3HT 
(53.4 vs. 10). This suggests that PNIPAM and P3HT underwent vertical phase separation 
and P3HT was largely absent at the bottom interface that responsible for charge transport 
in the bottom gate/bottom contact device configuration. In contrast, P3HT films containing 
PS exhibited a charge-carrier mobility. XPS analysis of these films shows a more 
vertically-homogeneous composition, which suggests that P3HT domains formed between 
the source and drain electrodes. Therefore, along with solution aggregation behavior, the 
surface free energies of components in semiconductor formulations can dictate device 
performance. Vertical phase separation in blended semiconducting polymer thin films has 
been observed previously 288-290 and has even been exploited in the fabrication of high-
performing OFETs.291 Future work could account for the phase separation seen here by 
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fabricating OFETs with a top gate-top contact architecture so that the charge transport takes 
place at the top of the deposited films. 
 
Figure 66 – Transfer curves of P3HT samples with the various additives as a function of 
solution aging time. 
 112 
Table 12 – Mobilities for OFETs with standard errors (cm2/V-s).   
 Aging Time 
Additive 10 minutes 1 hour 24 hours 4 days 
None 2.89 ± (1.09) 
x 10-3 
9.87 ± (0.62) 
x 10-3 
1.57 ± (0.02) x 
10-2 




3.03 ± (0.16) 
x 10-4 
6.95 ± (0.87) 
x 10-4 
1.91 ± (0.41) x 
10-3 
8.90 ± (1.86) x 
10-4 
rraP3HT 5.76 ± (1.08) 
x 10-3 
2.40 ± (1.54) 
x 10-3 
2.06 ± (0.15) x 
10-2 
2.44 ± (0.21) x 
10-2 
rraP3HT-CNCs 3.23 ± (0.21) 
x 10-2 
6.85 ± (0.32) 
x 10-2 
3.99 ± (0.45) x 
10-2 
7.60 ± (0.28) x 
10-2 
PNIPAM N/A N/A N/A N/A 
PNIPAM-CNCs 3.46 ± (0.04) 
x 10-3 
1.64 ± (0.20) 
x 10-2 
3.78 ± (0.19) x 
10-2 
3.22 ± (0.52) x 
10-2 
PS 8.10 ± (1.96) 
x 10-4 
1.71 ± (0.23) 
x 10-3 
2.49 ± (0.14) x 
10-3 
5.81 ± (0.11) x 
10-2 
PS-CNCs 7.84 ± (3.25) 
x 10-4 
7.40 ± (0.23) 
x 10-3 
2.47 ± (0.16) x 
10-2 
4.29 ± (0.17) x 
10-2 
 
Table 13 – On/off ratios for OFETs with standard errors (unitless). 
 Aging Time 
Additive 10 minutes 1 hour 24 hours 4 days 




7.68 ± (5.25) 
x 102 




1.69 ± (0.43) 
x 102 
1.15 ± (0.32) 
x 103 
1.40 ± (0.60) 
x 103 
1.19 ± (0.61) 
x 102 
rraP3HT 1.55 ± (0.69) 
x 102 
3.59 ± (2.22) 
x 102 
4.70 ± (0.70) 
x 101 
2.13 ± (0.64) 
x 101 
rraP3HT-CNCs 6.41 ± (1.34) 
x 102 
6.62 ± (0.74) 
x 102 
8.10 ± (2.81) 
x 102 
2.97 ± (0.45) 
x 102 
PNIPAM N/A N/A N/A N/A 
PNIPAM-CNCs 4.35 ± (0.98) 
x 103 
1.36 ± (0.15) 
x 103 
1.45 ± (0.56) 
x 102 
2.58 ± (0.50) 
x 101 
PS 6.80 ± (0.80) 
x 101 
1.46 ± (0.31) 
x 103 
3.70 ± (0.88) 
x 102 
4.38 ± (1.95) 
x 102 
PS-CNCs 4.30 ± (1.28) 
x 101 
4.91 ± (0.81) 
x 103 
1.66 ± (0.30) 
x 102 





Table 14 – Threshold voltages for OFETs with standard errors (V). 
 Aging Time 
Additive 10 minutes 1 hour 24 hours 4 days 
None 31.42 ± 7.06 24.02 ± 4.13 36.35 ± 8.14 63.18 ± 10.86 
Unmodified CNCs 42.90 ± 4.25 27.62 ± 12.58 62.61 ± 10.30 35.72 ± 8.25 
rraP3HT 63.51 ± 3.81 90.28 ± 9.70 58.61 ± 4.54 72.77 ± 6.34 
rraP3HT-CNCs 21.20 ± 0.98 17.59 ± 1.85 34.63 ± 6.23 37.12 ± 7.95 
PNIPAM N/A N/A N/A N/A 
PNIPAM-CNCs 17.20 ± 8.37 34.80 ± 3.08 57.68 ± 3.84 72.18 ± 8.03 
PS 46.07 ± 8.51 28.57 ± 9.81 54.58 ± 2.30 36.39 ± 4.98 
PS-CNCs 1.31 ± 2.56 41.96 ± 4.42 33.88 ± 5.10 22.05 ± 4.86 
 
4.3 Conclusions 
 The formation of P3HT crystalline aggregates in solutions with additives and the 
resultant morphology and electronic properties of deposited thin films are a strong function 
of the interfacial interactions between components. The blending of P3HT with various 
polymer-grafted-CNCs and polymers at low concentrations (0.3 wt%) resulted in an 
increase in P3HT aggregation –the degree of which depended on the surface free energy of 
the additive. Avrami modeling of solution UV-vis data showed that blends with high 
surface free energy additives (eg. PNIPAM, PNIPAM-CNCs) caused the highest percent 
aggregation of P3HT. In contrast to classical nucleation theory with heterogeneous 
nucleation occurring on low energy nanoparticles, this behavior can be understood through 
the lens of polymer-polymer interactions and miscibility. In blends where phase separation 
between the components was expected to occur, the increased self-assembly of P3HT was 
driven by thermodynamics and spatial confinement. This motif carried over to thin films 
where the morphology was dictated by the surface free energy of the substrate and the 
miscibility of components as the solvent evaporated. Phase separation, which was observed 
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in AFM images of the P3HT films and confirmed by XPS, affected the electronic 
performance in OFET architectures. Nevertheless, the addition of polymer-grafted-CNCs 
dramatically improved the charge-carrier mobility of P3HT films. This is the first time 
cellulose has been successfully incorporated in the active semiconducting layer of a 
transistor. These bio-derived particles constituted a significant volume fraction of the 
deposited P3HT thin films with an increase in performance, showing promise as a method 
for reducing costs and improving the recyclability of organic electronics. Furthermore, the 
mechanisms for P3HT aggregation in the blended solutions presented in this work can be 
used more broadly to inform the design semiconducting polymer formulations, especially 
those intended for inkjet printing where additives are unavoidable and necessary for desired 




CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS 
5.1 Summary and Conclusions 
In this thesis, three polymer-nanocellulose systems were developed for use in organic 
electronics applications. 
 In Chapter 2, cellulose nanocrystals (CNCs) were used as a liquid crystal 
“template” to drive a water-soluble polythiophene, poly[3-(potassium-4-
butanoate)thiophene-2,5-diyl] (PPBT), into ordered structures. Infiltration of the PPBT 
chains into the liquid crystalline CNC host resulted in the planarization of the polymer 
backbone, leading to an increase in conjugation length and π-π stacking.  
 In Chapter 3, CNCs were grafted with a thermoresponsive polymer, poly(N-
isopropylacrylamide) (PNIPAM), in a “patchy” morphology to develop a temperature-
switchable liquid crystal phase. The translational and rotational freedom afforded to the 
CNCs by the collapse of the PNIPAM above its transition temperature resulted in the liquid 
crystal phase switching “off”.  
 In Chapter 4, polymer-grafted CNCs were used as additives to increase the self-
assembly of semiconducting polymer poly(3-hexylthiohene) (P3HT) into crystalline 
aggregates. P3HT aggregation was enhanced by unfavorable polymer-polymer interactions 
at the CNC surface and spatial confinement effects. The addition of polymer-grafted-CNCs 
also improved the charge-carrier mobility of P3HT films.  
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 Altogether, these studies demonstrated the ability of CNCs to act as tunable, 
structure-directing agents for semiconducting polymers – a noteworthy contribution to the 
field of green organic electronics. Furthermore, the findings from this thesis can serve as a 
launching point for a host of future work on cellulose-based electronic devices.  
5.2 Recommendations and Future Work 
5.2.1 Understanding Charge Transport in Thin Films Containing CNCs 
In Chapter 2 and Chapter 4 of this thesis, CNCs were blended with semiconducting 
polymers to facilitate their organization. In Chapter 4, organic field-effect transistors 
(OFETs) were fabricated and showed a significant increase in the charge-carrier mobility 
despite the presence of cellulose in the thin films (nearly 50% by volume). While this result 
is promising, the mechanism of charge transport in the vicinity of the insulating cellulose 
domains and the effect of cellulose content on device performance is still not well 
understood. Depending on the semiconducting polymer system, there may be an optimal 
CNC volume fraction above which the mobility is hindered. A study that systematically 
varies the amount of CNCs in semiconducting thin films and measures the corresponding 
device characteristics would help elucidate this. Alternatively, the CNCs could act as a 
“sacrificial template” for semiconducting polymer organization and be removed from the 
thin films through chemical or thermal means as a step in the overall OFET fabrication.132 
It has been demonstrated in the literature that CNCs can also serve as dielectric 
materials in OFETs due to their abundant hydroxyl groups and high dielectric constant.292-
293 The morphology of CNC/semiconducting polymer thin films could be designed (e.g. 
vertical phase separation) to exploit this functionality and potentially serve as a combined 
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dielectric/semiconducting material. This idea, combined with a cellulose-based substrate, 
would significantly increase the recyclability of an OFET and should be investigated.  
5.2.2 Development of a CNC-Based Thermal Sensor 
In Chapter 3, CNCs were functionalized with a thermoresponsive polymer, poly(N-
isopropylacrylamide) or PNIPAM, to make a temperature-switchable liquid crystal phase. 
The liquid crystal was turned “off” by the collapse of the PNIPAM chains above their lower 
critical solution temperature (LCST). It has been shown that dynamics of the PNIPAM 
chain collapse are dependent on the molecular weight.294 Therefore, to extend this work 
further, it would be of interest to study the effect of grafted polymer molecular weight on 
the liquid crystal switching speed. The effect of the concentration of PNIPAM-grafted-
CNCs on the switching “power” (i.e. difference between the birefringence intensities in the 
“on” and “off” states) could also be systematically studied; at sufficiently high particle 
concentrations, the collapse of the PNIPAM chains may not provide enough spatial 
freedom for a switch to the disordered state.  
PNIPAM was chosen for this thesis because it is a well-studied thermoresponsive 
polymer in literature and can be easily grafted to CNCs via an atom transfer radical 
polymerization. There are, however, a plethora of other thermoresponsive polymer 
systems295 and the transition temperature of the liquid crystal could be tailored to specific 
applications by changing the grafted polymer. Furthermore, the opposite switching 
behavior could be potentially achieved by grafting a polymer with an upper critical solution 
temperature (UCST) instead of one with a LCST. In this case, at low temperatures the 
polymer chains are collapsed and at high temperatures they are extended. Rather than an 
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on → off switch with heating, this system would have an off → on switch and would make 
for an interesting study.  
Finally, a temperature sensor could be developed by incorporating conjugated 
polymers or aggregachromic dyes into the switchable liquid crystal host. Based on the state 
of the liquid crystal (ordered/disordered), the polymers or dyes would take on different 
conformations and exhibit different electronic or colorimetric responses. In theory, a CNC-
“thermometer” could even be made by printing a series of these switchable systems with 




APPENDIX A. CHARACTERIZATION OF CELLULOSE 
NANOCRYSTALS 
A.1  Surface Charge and Colloidal Stability 
The surface charge density and colloidal stability of a CNC suspension can be 
evaluated by measuring the mobility of the charged particles in an applied electric field, or 
the “electrophoretic mobility”. This value is commonly converted to a value called the 
“zeta potential” through the Henry equation with some approximations about the particle 
shape and diffusion behavior.296 The zeta potential is defined as the electric potential at the 
slipping/shear plane of a particle moving under an electric field and is strongly related to 
the colloidal stability, or the degree of repulsion between adjacent particles in solution. 
CNC suspensions with a zeta potential between -20 and -50 mV are considered to be 
colloidal stable.296 An increase in the sulfate ester content on the CNC surface results in a 
higher surface charge density and a lower (i.e. more negative) zeta potential value due to 
electrostatic repulsion. The zeta potential is sensitive to pH, temperature, and salt 
concentration. The addition of salt results in an electrostatic screening effect, which makes 
the zeta potential more positive and causes particle flocculation.297  
Conductometric titration is another technique commonly used to quantify the 
surface charge density of CNCs. In a typical titration of the sulfate half-ester groups, an 
aqueous solution of CNCs is titrated with aliquots of NaOH and the conductivity is 
recorded at each increment. At first, the conductivity declines linearly as the base 
neutralizes the H+ on the protonated sulfate half-ester groups and replaces it with Na+. The 
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conductivity then reaches an “equivalence point” where it suddenly begins to rise once all 
of the sulfate half-ester groups have been deprotonated and there is an excess of OH- in 
solution (Figure 67a). The exact equivalence point is determined from doing a least square 
regression on the two linear portions of the plot and locating the intersection.209 The mean 
sulfate content can then be calculated from the volume (VNaOH) and concentration (CNaOH) 




 𝑥𝑥 100% 
where MW,S is the molar mass of sulfur, m is the total mass of the sample, and CCNCs is the 
concentration (in wt%) of CNCs in the suspension.298  
If the CNCs have weak acids on the surface, such as carboxylic acids (-COOH), a 
conductometric titration can also be used. In this case, a known amount of strong acid is 
added first to lower the conductivity before the titration with NaOH begins. The –COOH 
content is then calculated from the difference between the weak acid equivalence point and 
the strong acid equivalence point (constant conductivity plateau) (Figure 67b).  
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Figure 67 – Example of a conductometric titration curves of a) sulfated CNCs (strong 
acid) and b) carboxylated CNCs (weak acid).   
 
A.2  Chemical Composition 
The chemical makeup of CNCs is usually determined using elemental analysis (EA), 
Fourier-transform infrared spectroscopy (FTIR), or X-ray photoelectron spectroscopy 
(XPS). In EA, carbon, hydrogen, nitrogen, sulfur, and oxygen contents can be estimated 
through combustion of a dry CNC sample and analyses of the gaseous products. Other, 
heavier, elements (i.e. F, Cl, Br, I) can be analyzed through combustion and ion 
chromatography. Compositions are reported in atom or weight percent of each element. 
XPS reports similar information as the combustion methods but is based off of 
photoelectrons that are emitted from the material when irradiated with X-rays. The energies 
of the photoelectrons are measured and associated with specific elements to give the 
chemical composition of the material. XPS, however, only analyzes the composition at the 
surface of the solid sample, whereas elemental analysis utilizes the entire sample. 
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In cases of chemical modification of CNCs, where changes in carbon, hydrogen, or 
oxygen is below the resolution limits for EA and XPS, FTIR spectroscopy can be used. In 
FTIR spectroscopy, infrared light is passed through the sample and based off of interactions 
with molecular vibrations, different wavelengths of light will be either absorbed, 
transmitted, or reflected. The resulting spectra reveal information about specific groups or 
bonds that are present on the surface of the CNCs but is rarely used for quantification 
purposes.  
A.3  Crystallinity 
X-ray diffraction (XRD) is used to characterize the crystallinity of a solid sample. 
The material is irradiated with an X-ray beam and the resulting diffraction patterns provide 
structural information such as the percent crystallinity and crystal structure(s).  
A.4  Thermal Stability 
The thermal stability and degradation behavior for CNCs is measured by 
thermogravimetric analysis (TGA). In TGA, the CNC sample (~5-10 mg in dry form) is 
placed in a metal pan in a furnace, where it is subjected to temperatures ranging from 20-
800°C. As the temperature increases and the sample degrades, the weight of material in the 
pan will drop. Both the temperature for the onset of degradation and the rate of weight loss 
are important parameters when analyzing the thermal stability of the sample. Significant 
mass loss for unmodified CNCs occurs around 300 ⁰C,299 but this can be shifted when 
CNCs are functionalized with small molecules or polymers.  
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For polymer-grafted CNCs, a secondary degradation curve will occur closer to the 
thermal degradation point of the pure polymer. The weight percent of grafted polymer can 
be estimated by taking the first derivative of the mass loss curve and calculating the ratio 
of the areas under the two degradation peaks.300 
A.5  Liquid Crystal Assembly 
As previously discussed, CNCs have the ability to form liquid crystal phases at 
certain concentrations. These phases can be observed visually; the CNC suspension 
becomes opalescent in appearance due to birefringence from the self-assembly of the rods. 
Birefringence is an optical property of anisotropic materials where the refractive index 
depends on the polarization direction of light. The birefringence of CNC films and 
solutions is observed using two linearly-crossed polarizers in a polarized optical 
microscope (POM). If the sample is isotropic, the polarized light remains unaltered after 
passing through the sample and is eliminated upon reaching the second, perpendicular 
polarizer so the image appears dark. For a liquid crystalline sample, the polarized light 
splits into rays that travel with different velocities depending on the propagation direction 
within the sample. Upon reaching the perpendicular polarizer, not all rays are eliminated 
and the image will appear bright. 
A summary of the most common characterization techniques for each CNC 




Table 15 – Summary of CNC properties and their corresponding characterization 
techniques  
Property Characterization Technique(s) 
Morphology (size, 
polydispersity) 
Dynamic light scattering (DLS), atomic force microscopy 
(AFM), scanning electron microscopy (SEM), transmission 
electron microscopy (TEM) 
Surface charge, 
colloidal stability 
Zeta potential/electrophoretic mobility, conductometric titration 
Chemical 
composition 
Fourier-transform infrared spectroscopy (FTIR), elemental 
analysis (EA), X-ray photoelectron spectroscopy (XPS) 
Crystallinity X-ray diffraction (XRD) 
Thermal stability, 
grafting density 
Thermogravimetric analysis (TGA) 
Liquid crystal 
assembly 
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